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The flux of terrigenous material from the continents to the oceans both influences, 
and is dependent on, climate. To understand links with past and present climates, 
terrigenous fluxes in the ocean must be quantified. In the tropical Atlantic, the 
processes driving terrigenous fluxes are incompletely understood due to insufficient 
synthesis of existing data. At the west Greenland margin terrigenous fluxes may be 
important for phytoplankton but remain poorly constrained due to a lack of data. 
 
I have analysed existing data from sediment cores in the tropical Atlantic to calculate 
spatial patterns of 230Th normalised 232Th fluxes. Using the patterns of 232Th fluxes I 
have determined the dominant terrigenous sources, the position of the tropical rain-
belt and the strength of wind systems since the last glacial maximum (LGM). I have 
mapped the provenance of tropical Atlantic sediments using new analyses of n-
alkane 13C/12C. I have used these data to highlight concurrent changes in vegetation 
and dust fluxes since the LGM. By combining 232Th and n-alkane data I have shown 
that the n-alkane/232Th ratio is sensitive to climate across different timescales, 
making the ratio a potential tracer of past environmental change. At the west 
Greenland margin I have quantified dissolved terrigenous fluxes reaching the ocean 
by analysing 232Th/230Th in seawater. I have found that lithogenic 232Th 
concentrations correlate with those of freshwater, implying a glacial source. I have 
shown that dissolved 232Th fluxes at the west Greenland margin remain elevated 
past the edge of the continental shelf and supply significant amounts of lithogenic 
nutrients to phytoplankton.  
 
Collectively my results quantify the range of terrigenous fluxes reaching the tropical 
and high-latitude North Atlantic and demonstrate how fluxes are strongly modulated 
during periods of climatic change. The data I have presented can be used to assess 
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1 Chapter 1: Introduction 
 
Quantifying the cycling of material between terrestrial reservoirs is vital for 
understanding the Earth System. Two parts of the system particularly relevant for 
humans are the climate and the biosphere. The movement of terrigenous material 
from the continents to the oceans affects, and is affected by, the climate and 
biosphere through a number of chemical and physical processes that occur along 
transport pathways (Maher et al., 2010; Ravi et al., 2011; Moore et al., 2013; Jeandel 
and Oelkers, 2015). Therefore, quantifying terrigenous fluxes at the present day, and 
through Earth history, is necessary to understand changes in both the climate and 
the biosphere (e.g. Costa et al., 2016; Martínez-García et al., 2014). Improvements 
in understanding the links between different parts of the Earth system can be used to 
more accurately predict the consequences of future global changes (Evan et al., 
2016; Ji et al., 2018; Wadham et al., 2019; Hopwood et al., 2020).  
 
Since the proposal of the iron hypothesis (Martin, 1990) there has been an increased 
interest in investigating links between climate changes and the supply of terrigenous 
material to the ocean. The efficiency of the biological pump in the Southern Ocean 
(Martínez-García et al., 2014), the importance of diazotrophy in low-latitudes 
(Buchanan et al., 2019) and ballasting of organic detritus (Pabortsava et al., 2017) 
have all been confirmed as important mechanisms linking terrigenous inputs to 
biology and climate. Tracing terrigenous inputs through time has also revealed 
changes in the driving processes—such as precipitation and wind strength—and 
clarified their relation to climate (Rühlemann et al., 2001; McGee et al., 2007; McGee 
et al., 2013). 
 
Sustained interest in quantifying fluxes has coincided with the development of an 
improved technique to measure sediment fluxes using uranium-series isotopes 
called ‘230Th normalisation’ (Bacon, 1984). Over the past ~30 years 230Th 
normalisation, combined with improved analytical methods, has led to an increase in 
quantitative flux estimates, especially through key recent climate changes (Costa et 
al., 2020). Further methodological advances have led to the development of a similar 
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thorium-based approach for seawater samples (Hsieh et al., 2011; Hayes et al., 
2018a). Despite improved methodologies and increasing observations, such as the 
GEOTRACES programme, some areas still lack quantitative estimates (e.g. the high 
latitude North Atlantic), meaning that debate about the importance of terrigenous 
inputs to the ocean endures (e.g. Hopwood et al., 2020; Wadham et al., 2019). Even 
in regions with relatively good data coverage (e.g. the tropical Atlantic), temporally 
and spatially resolved data synthesis is often lacking. As a result, the input 
processes are not fully understood. In areas with multiple terrigenous sources, 
studies of provenance are required to understand the processes driving, and effects 
of, terrigenous fluxes. Such provenance studies are generally limited in temporal or 
spatial resolution. In addition to understanding past and present climate, assessing 
the predictive capability of climate models requires spatially and temporally resolved 
quantitative records for comparison.  
 
In this thesis I address the limited spatial coverage and lack of data synthesis by 
focussing on two key regions: the tropical Atlantic and west Greenland margin. 
These areas record a range of important terrigenous inputs from rivers, aeolian dust, 
glaciers and shelf/slope resuspension. In the tropical Atlantic I use a synthesis of 
existing temporally resolved 232Th/230Th data to quantify of the spatial pattern of 
inputs. I use the dataset to investigate atmospheric processes since the last glacial 
maximum (LGM). I also present new measurements of terrestrial plant biomarkers to 
further constrain the provenance of terrigenous material and to add information 
about the links to vegetation in North Africa. At the Greenland margin I apply new 
measurements of dissolved 232Th/230Th to make quantitative estimates of the 
terrigenous supply to the coastal ocean. I use the new data to investigate the role of 
the Greenland ice sheet in supplying lithogenic micronutrients. In the following 
subsections I provide context for the new research, an assessment of the gaps in 
current understanding and the aims and layout of this thesis.   
 
1.1 Links between terrigenous fluxes, biology and climate 
 
Links between the input of terrigenous material, ocean biology and climate are 
complex, and form feedbacks that operate on different timescales (Kohfeld et al., 
 3 
2005; Maher et al., 2010; Jickells and Moore, 2015). The need to understand these 
links provides much of the motivation for this work. I will briefly outline links to the 
processes driving terrigenous fluxes, and the effects of these fluxes on biology and 
climate.  
 
1.1.1 Processes driving terrigenous inputs 
 
The supply of terrigenous sediment to any part of the ocean is a function of the 
processes that produce, erode and transport the sediment. These processes—
including wind, precipitation, ice flow and weathering—are all a function of climate. In 
addition to erosion, the rate of chemical weathering is also dependent on climate 
(Kump et al., 2000). Measurements of terrigenous fluxes in the ocean are thus a 
proxy for these combined processes, and are closely dependent on climate.  
 
Aeolian dust is emitted when surface wind speeds reach a critical threshold, typically 
in areas with low soil moisture, low vegetation and a supply of erodible sediment 
(Engelstaeder and Washington, 2007b; Maher et al., 2010). The spatial pattern and 
the size of dust fluxes is further dependent on the strength and direction wind 
systems at various atmospheric levels (Figure 1.1; Pye, 1987), and also on the 
thickness of the atmospheric surface boundary layer (Ben-Ami et al., 2009). The 
deposition of dust from the atmosphere can be greatly enhanced by removal in rain 
droplets (Figure 1.1; Schlosser et al., 2014; van der Does et al., 2020). 
 
Sediment delivered by rivers is dependent on precipitation, and thus the position and 
intensity of atmospheric features such as the tropical rain-belt (Skonieczny et al., 
2015; Zhang et al., 2015; Mulitza et al., 2017). The supply and erodibility of 
sediments in river catchments also depends on the intensity and style of weathering 
(Murphy et al., 2016), itself a function of temperature and precipitation (Perron, 2017, 
and references therein). Changes in sea level can drastically alter the size and 
location of riverine sediment fluxes, potentially moving the locus of sedimentation by 
hundreds of kilometres (Rühlemann et al., 2001).  
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The flux of sediment from glaciated regions is dependent on the rate of ice flow and 
ice thickness and the eroding lithology (Overeem et al., 2017); the latter being 
dependent on the balance of melting and precipitation. Sea level presumably effects 
the locus of sediment delivery in a similar way to non-glaciated catchments (Andrews 
and Syvitski, 1994), and whether a glacier terminates in the ocean or on land is an 































Figure 1.1. Satellite derived 555 nm aerosol optical depth (AOD, colour scale, light 
contours), precipitation rate (heavy contours, mm/month) and wind velocity (arrow 
vectors, m/s,) for December, January and February (upper panel) and June, July and 
August (lower panel). Wind data are for the 2 m (winter) and 600 hPa (summer) 
levels. All data were accessed through the Giovanni online data system, developed 
and maintained by the NASA GES DISC (Acker and Leptoukh, 2007). 
 
Boreal winter: AOD, precipitation rate, surface wind 
Boreal summer: AOD, precipitation rate, 600 hPa wind
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1.1.2 The impact of terrigenous fluxes on biology and climate 
 
The effects of terrigenous fluxes on climate can be categorised broadly into direct 
and indirect effects. Direct effects involve the alteration of Earth’s radiative balance 
due to the presence of aeolian dust in the atmosphere. Aeolian dust can scatter and 
absorb incoming and outgoing radiation, and cause changes in albedo as part of 
cloud formation processes (Maher et al., 2010, and references therein). Whether 
these effects result in positive or negative radiative forcing is dependent on the 
surface properties (i.e. albedo) at specific locations (Albani et al., 2016). The 
feedback between direct dust radiative effects and climate (i.e. temperature) is 
greatly enhanced close to major dust sources (Kok et al., 2018). Changes in these 
direct effects have been proposed to contribute to past changes in climate (Williams 
et al., 2016; Liu et al., 2018).  
 
Terrigenous fluxes entering the ocean have indirect effects on the climate through 
coupling to the biological pump and atmospheric CO2. If supplied with the required 
nutrients, phytoplankton are capable of drawing CO2 from the atmosphere to the 
ocean. Though much of the fixed C is recycled in the upper ocean, a small portion is 
exported to depth (De La Rocha & Passow, 2014, and references therein). Most 
biological primary production at the present day is supported by the recycling of 
nutrients within the ocean (De La Rocha and Passow, 2014). However, a fraction of 
primary and export production is supported by the addition of nutrients from external 
(i.e. terrigenous) sources (Moore et al., 2013). In some regions of the world’s oceans 
primary productivity is largely limited by the lack of certain nutrients; iron appears to 
limit large swathes of the Southern Ocean (Martin, 1990; Moore et al., 2013). 
Alleviation of nutrient limitation in the Southern Ocean due to glacial increases in 
(Patagonian) aeolian dust deposition is thought to account for a portion of glacial-
interglacial CO2 changes (Martin, 1990; Watson et al., 2000; Martínez-Garcia et al., 
2009; Martínez-García et al., 2014). Similarly, natural modern Fe fertilisation 
processes have been shown to increase carbon export by ~3x in the Southern 
Ocean (Morris and Charette, 2013)   
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In addition, the supply of Fe to the low-latitude oceans is important, and potentially 
limiting, for nitrogen fixing phytoplankton (Moore et al., 2013 and references therein). 
It has been suggested that Saharan dust fertilises nitrogen fixers in the modern 
tropical Atlantic and provides increased ballast for sinking organic particulates 
(Pabortsava et al., 2017; van der Jagt et al., 2018). The combined effect of these 
processes is thought to account for higher export production in the North Atlantic 
gyre compared to the South Atlantic (Pabortsava et al., 2017). Thus fertilisation of 
high- and low-latitude oceans by aeolian dust, or other sources of Fe, may provide 
mechanisms to change the climate via the drawdown of CO2 for past and future 
climates (Martínez-García et al., 2014; Buchanan et al., 2019). 
1.2 Quantifying terrigenous inputs 
 
Measuring the rate of sediment transfer between surface reservoirs is crucial for 
understanding the Earth System (National Research Council, 1994), yet it remains 
challenging at the present day, and even more so for the past. Recent improvements 
in satellite based techniques to observe atmospheric dust and glacial outflows allow 
estimates of these fluxes at regional scales (Overeem et al., 2017; Yu et al., 2019). 
Modern observations of discreet sources of terrigenous material, such as rivers, are 
widespread enough to build a global picture of the inputs to the ocean (Peucker-
Ehrenbrink, 2009; Peucker-Ehrenbrink, 2018). Despite these constraints on the input 
of material at the ocean margins, understanding how fluxes are attenuated moving 
away from discreet sources (i.e. rivers or glaciers) requires a spatially distributed 
oceanic sampling network. Similarly, such a network is required to ground-truth 
satellite derived flux estimates (Yu et al., 2019). The requirement for some degree of 
temporal resolution makes the challenge even more formidable. 
 
In situ measurements of fluxes in the ocean at the present day are made using 
sediment traps (e.g. van der Does et al., 2018), core-top sediments (e.g. Rowland et 
al., 2017), suspended sediment (e.g. Anderson et al., 2016), the chemistry of 
seawater (e.g. Hayes et al., 2013), aerosol collections (e.g. Powell et al., 2015) and 
cameras (Iversen et al., 2010). Each of these techniques is associated with a 
different temporal resolution, from daily aerosol collections to sediment core-tops 
that integrate 1000s of years. Each technique relies on a different set of 
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assumptions, for example, determining a deposition velocity for aerosols 
(Niedermeier et al., 2014), or assuming chemical steady state in seawater. Thus, 
despite the wide range of techniques available, obtaining a consistent set of spatially 
resolved flux estimates for a given point in time is not generally possible, even at a 
regional scale (Figure 1.2). In practice, our current understanding of terrigenous 
fluxes to the ocean relies on using a combination of these in situ methods, often 
alongside models (Figure 1.2; Albani et al., 2016) and satellite derived estimates 
(e.g. Anderson et al., 2016). Few studies consider inputs from multiple processes, 
instead focussing on specific sources such as dust (Anderson et al., 2016) or glacial 
inputs (Overeem et al., 2017). Records of past fluxes are required to validate the 
models used for predicting future climate (e.g. Figure 1.2), and to understand how 
terrigenous fluxes respond to, and influence, climate. Archives of past fluxes are 
generally limited to sediment cores and ice cores (e.g. Lambert et al., 2008; 
Skonieczny et al., 2019), although some biological archives also exist 
(Mukhopadhyay and Kreycik, 2008). Sediment cores can be recovered from a wide 
area, offering the best opportunity to obtain spatially and temporally resolved flux 
records over recent climatic changes, such as the late Pleistocene glacial cycles 





















Figure 1.2. Dust flux estimates close to West Africa (inset map) calculated using sediment core age-models (Kohfeld and Harrison, 
2001) and a dust deposition model (Albani et al., 2016). Modern or late-Holocene (left), LGM (middle) and the LGM/late-Holocene 
ratio (right). Coloured dots show estimates from sediment traps (grey) and marine sediments (non-carbonate residual sediment = 
purple; other laboratory based terrigenous estimates = red). Small black dots show model dust flux estimates. 
Model 2 ka dust flux [g m-2 yr-1] Model 21 ka dust flux [g m-2 yr-1] Model 21 ka / 2 ka dust 
Modern dust flux [g m-2 yr-1] 
 










1.2.1 Measuring fluxes: geochemical advances 
 
The ability to calculate fluxes using sediment cores requires some method to 
determine a timescale (i.e. an age model). For studies in the late Pleistocene, such 
methods typically rely on the predictable decay of radioactive nuclides to calculate 
sedimentation rates; some early estimates of sedimentation rate in the deep sea 
were made using profiles of 230Th/232Th in sediments (Picciotto and Wilgain, 1954; 
Goldberg and Koide, 1958). A prerequisite for these early methods was the 
assumption of a constant rate of supply of terrigenous material (carrying 232Th); 
inferences about variations of terrigenous fluxes were, ipso facto, excluded. Shortly 
after the development and application of this ‘ionium method’ (ionium being an early 
name for 230Th), 14C measurements showed that the rate of accumulation of non-
carbonate material (assigned as ‘clays’ by the original studies) was in fact variable 
over the past ~30 kyr, with a distinct change in accumulation rate at the Pleistocene 
to Holocene transition (Broecker et al., 1958). The recognition that fluxes of both 
detrital and carbonate material changed between glacial and interglacial was then a 
key early finding, and one that has since been reproduced in many parts of the 
oceans and over multiple glacial cycles using modern techniques (François and 
Bacon, 1991; Rühlemann et al., 2001; Martínez-Garcia et al., 2009; Jacobel et al., 
2017). The improved understanding afforded by 14C data, along with continued study 
of 232Th/230Th showed that the assumption of constant terrigenous supply was invalid 
and short term variations in sedimentation rate could not be calculated from such Th 
data (Broecker et al., 1958; Koczy, 1961; Ku et al., 1972). 
 
Despite the limitations in the initial application of 232Th/230Th as a chronometer, the 
early work made some critical observations that laid the foundation for the current 
state of the art methods. The extreme scarcity of thorium in seawater, evident from 
the earliest measurements, was postulated to result from the chemical removal of 
this element (Joly, 1909). Pettersson (1938, 1949) recognised that 230Th was likely 
scavenged from seawater by particles, leading to its strong depletion relative to 
production by uranium. Later it was recognised that 232Th is largely associated with 
the clay fraction in sediments, and is decoupled from the supply of 230Th (Koczy, 
1961; Ku et al., 1972).  
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Carbon-14 based chronologies are generally still the preferred method for sediments 
from the last ~50 kyr. However, fluxes based on 14C chronologies are limited in 
several important ways. The temporal resolution of the calculated fluxes is inherently 
limited by the number of 14C dates (and ultimately by its ~50 kyr measurable 
lifespan). In areas with low amounts or no carbonate, this method becomes 
impossible. Even with abundant carbonate, the relatively high workload and expense 
required to obtain a single date means that high resolution chronologies are not 
always available (François et al., 2004). For sediments >50 kyr, oxygen isotope 
stratigraphy is the most common approach to construct age models. Fluxes 
calculated between 18O tie-points also depend on the presence of foraminiferal 
carbonate, and generally have a lower temporal resolution. The ubiquitous 
redistribution of sediment on the ocean floor can compromise interpretations of 
vertical fluxes calculated between tie-points (François et al., 2004).  
 
Fluxes derived from sediment core age-models provide constraints on terrigenous 
input at the modern day and the LGM (Kohfeld and Harrison, 2001). However, there 
is significant variation within the data (Figure 1.2). Close to Northwest Africa flux 
estimates vary by up to an order of magnitude, also showing variable agreement 
(>4x flux difference) with dust models (Figure 1.2). This variability persists at the 
LGM and is compounded by a lower number of samples. The lack of clarity resulting 
from age-model derived fluxes is highlighted by the large range in LGM/late-
Holocene dust flux ratios recorded off Northwest Africa (Figure 1.2; <1 to ~6). This 
large variability means that the data do not provide a clear picture of dust flux 
changes in this area since the LGM, despite the relatively high sample density.  
 
1.2.2 Application of thorium isotopes to trace sediment fluxes 
1.2.2.1 Calculating vertical sediment fluxes: 230Th normalisation 
 
A new method to estimate fluxes of sediment using the predictable supply of 230Th 
from the decay of dissolved 234U has previously been attributed to work in the 1980s 
(i.e. Bacon, 1984; Costa et al., 2020; François et al., 2004). However, the first 
sediment fluxes calculated using this method were presented some 20 years earlier 
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by Koczy (1961). The underlying assumption of this method is that 230Th is removed 
from seawater onto particle surfaces at the same rate at which it is produced, due to 
its inherent insolubility (François et al., 2004; Santschi et al., 2006; Costa et al., 
2020). This assumption has been tested using sediment traps and ocean circulation 
models and appears to be true to within ±30% for most of the ocean. In the least 
favourable settings the 230Th removal flux is ~0.4-1.4x production rate (Costa et al., 
2020 and references therein), so that fluxes may be accurate to within ±60% 
(excluding sites influenced by hydrothermal vents and strong nepheloid layers). For 
a given location, away from the processes above, the uncertainties are likely to be 
much less than ±60%, and may well be systematic. The method essentially 
calculates the sediment flux required to produce the measured 230Th concentration in 
the sediment, given the assumed 230Th flux from 234U decay. This is depicted 
schematically in Figure 1.3.  
 
Whilst the uncertainties in the removal flux of 230Th are not negligible, this technique, 
termed 230Th normalisation, has several benefits over the age-model derived fluxes 
(François et al., 2004). Limits imposed by age model resolution are overcome as 
estimates of flux can be made for any depth in the sediment, provided there is some 
constraint on sediment chronology (e.g. from 14C) to account for radioactive decay. 
Perhaps most importantly, 230Th normalisation corrects for the isobathymetric 
redistribution of sediment at the seafloor, and may account for some proportion of 
downslope redistribution as well (François et al., 1990; François et al., 2004). 
Uncertainties in age-model derived fluxes due to sediment redistribution may be very 
large (e.g. >400%; François et al., 2004 and references therein). The many benefits 
of 230Th normalisation have led to its widespread use for both modern and 
Pleistocene sediments (Costa et al., 2020). The method is the most commonly 
applied of a number of constant flux proxies (hydrogenous Co; Kyte et al., 1993; 3He; 
Marcantonio et al., 2001) that are increasingly used to quantify the accumulation of 
sedimentary constituents.  
 
1.2.2.2 Tracing terrigenous material: 232Th  
 
The primordial isotope 232Th is enriched in continental material at an average 
concentration of 10.5 ± 2 µg/g (2σ; Rudnick & Gao, 2003), with a wider range of ~9-
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17 µg/g in dusts and river particles (Kienast et al., 2016, and references therein) 
depending on lithology and grain size (McGee et al., 2016). Mid-ocean ridge basalts 
(MORB) have concentrations lower by more than an order of magnitude (Kienast et 
al., 2016, and references therein). In settings where disproportionate amounts of 
MORB or other volcanic material can be ruled out (McGee et al., 2007) 232Th is thus 
a tracer of continental material. Thorium-232 is separated and measured alongside 
230Th, meaning that any study applying 230Th normalisation can calculate fluxes of 
232Th. In fact, the first study to apply 230Th normalisation also calculated the first 
230Th normalised 232Th fluxes to the seafloor (Koczy, 1961); these estimates stand in 
reasonable agreement with much more recent work (Serno et al., 2014). Figure 1.3 
shows how the combined measurement of 232Th/230Th relates to the input of 
terrigenous material. 
 
Although still poorly quantified, thorium seems to be very insoluble in seawater, with 
a maximum fractional solubility from terrigenous sediment of up to ~30% (Hayes et 
al., 2018 and references therein). Because of its high affinity for particle surfaces 
(Hayes et al., 2015a) the fraction of 232Th that does dissolve is likely scavenged by 
particles in 10s of years (Hayes et al., 2018a) and removed from the water column 
(Robinson et al., 2008), so dissolution of sediment does not negate the use of 
thorium as a terrigenous tracer.  
 
Using similar principles to those applied in 230Th normalisation, combined 
measurements of dissolved 232Th and 230Th in seawater can be used to estimate 
232Th fluxes in the modern ocean (Hsieh et al., 2011; Hayes et al., 2013; Hayes et 
al., 2018a). The predictable production and removal of 230Th is used to calculate a 
residence time for dissolved thorium (Broecker et al., 1973), this time-scale is then 
applied to the inventory of 232Th to estimate a dissolved flux. The estimates of 
dissolved 232Th flux can be related to total 232Th fluxes using knowledge of thorium 
solubility (Hsieh et al., 2011; Hayes et al., 2013), or can be used to estimate supply 
of dissolved trace metals important for biology (Hayes et al., 2015b). Because of the 
greater methodological challenges, including the difficulty of controlling 
contamination, analysis of 232Th/230Th in seawater has only become more commonly 
applied in recent years with the advent of standardised methods (Auro et al., 2012; 
























Figure 1.3. Cartoon showing how the concentrations of 232Th and 230Th relate to bulk and terrigenous fluxes. The flux of 230Th to the seafloor is 
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Using 232Th/230Th as a tracer of terrigenous flux
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sediment that survives diagenesis and dissolution. The concentration of 232Th in the sediment is dependent on the terrigenous content and is 
used alongside the bulk vertical flux to calculate a 230Th-normalised 232Th flux. 
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1.2.3 Geochemical tracers of terrigenous provenance  
 
Although the spatial patterns of terrigenous fluxes can help to constrain the dominant 
input processes, in most regions there are multiple fluxes that result in a mixed 
signal, impossible to separate by quantification of the flux alone. To fully assess the 
processes driving terrigenous fluxes, and to understand their impact, the provenance 
of continental material must be determined. Establishing provenance is difficult and 
typically requires the isolation of the terrigenous fraction, before the application of 
one or more specialist methods and analytical techniques, depending on the 
potential sources. Methods include using the mineralogy (Biscaye, 1965; Petschick 
et al., 1996), isotopic composition (Grousset et al., 1998), grain-size (McGee et al., 
2013) and magnetic properties (Bleil and von Dobeneck, 2003) of the lithogenic 
terrigenous sediment. A related approach is to use the carbon isotopic composition 
of terrestrially derived organic compounds to map the input of terrigenous sources 
associated with a particular type of vegetation (Huang et al., 2000). Radiogenic 
isotopes have been applied successfully at the modern day (Kumar et al., 2014; 
Bozlaker et al., 2018; van der Does et al., 2018b) and through glacial cycles 
(Abouchami and Zabel, 2003; Cole et al., 2009; Zhang et al., 2015), tracing dust 
sources and South American material in the eastern and western tropical Atlantic. 
The use of compound specific δ13C of plant biomarkers is advantageous because it 
can be used to reconstruct changes in vegetation type, as well as to determine 
terrigenous provenance.  
 
McGee et al. (2016) suggest the use of 4He/232Th ratios as a potential way to assess 
dust provenance; both isotopes have already been applied to quantify terrigenous 
fluxes alongside a constant flux proxy (3He and 230Th). In theory the combination of 
any two terrigenous components that show source-specific variation might be used 
to assess provenance in this way, including terrestrially derived organic biomarkers. 
In similarity to records of terrigenous flux, records of provenance are poorly spatially 
distributed and often limited in their temporal resolution or extent. The number of 
records that have estimates of both terrigenous provenance and flux in the tropical 
Atlantic is low, and limited to sites relatively close to either continental margin. 
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1.3 Terrigenous fluxes in the tropical and North Atlantic 
1.3.1 The modern day 
 
In the modern tropical Atlantic terrigenous fluxes are dominated by two major 
sources: African dust and South American rivers (Figure 1.4). Estimates of these 
sources indicate that they are of a similar order of magnitude, with South American 
inputs being larger (Goudie & Middleton, 2001; Peucker-Ehrenbrink, 2009, 2018; Yu 
et al., 2019; Figure 1.4). However, because the mechanism of sediment delivery is 
fundamentally different, the length scales of sediment transport are distinct. For 
example, estuarine removal and trapping of sediments on continental shelves and 
slopes may act to significantly reduce the riverine flux to the open oceans (Biggs and 
Howell, 1984). Conversely it has long been documented that dust is transported for 
1000s km over the tropical Atlantic (Darwin, 1846). River input from West Africa and 
resuspension of shelf and slope sediments also contribute to the sediment flux in the 
tropical Atlantic. However, the West African riverine flux is around an order of 
magnitude lower than other fluxes (24 Tg yr-1; Figure 1.4), and resuspended fluxes 
are not well quantified, though dissolved terrigenous fluxes from the Congo river may 
be large (Vieira et al., 2020). In the modern high-latitude North Atlantic around 
Greenland, fluxes of terrigenous material are delivered into fjords by glaciers, or by 
rivers draining glaciers (Overeem et al., 2017). Satellite based estimates indicate 
that terrigenous fluxes from the Greenland ice sheet are of similar magnitude to 
those in the tropical Atlantic (Overeem et al., 2017; Figure 1.4), with ~40-60% of this 
flux discharged from west Greenland.  
 
The sum of fluxes from the Greenland ice sheet, Sahara Desert and three major 
South American rivers is ~18% of the combined global non-anthropogenic riverine 
and aeolian dust fluxes (Table 1.1). Comparing this fraction of global flux to the 
surface area of the North Atlantic (~8% of the globe; Eakins & Sharman, 2010), 
indicates that the region is globally important for terrigenous fluxes, potentially 
disproportionately so. This approximate comparison can be made because a large 
fraction of sediment from Saharan dust, South American rivers and Greenlandic 
rivers is discharged or transported to the North Atlantic. 
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Table 1.1. Estimates of modern terrigenous sediment fluxes for sources around the North Atlantic and globally. The estimates represent the 
strength of riverine sources at the continental margins and dust emissions at the sources (the degree of estuarine trapping and dust transport are 
uncertain). Uncertainty or ranges are shown and propagated where available from original studies.  
  Source Flux (Tg/yr) Notes Reference 
Global 
estimates Total global riverine 15100 ± 500 pre-anthropogenic, excludes Greenland (±uncertainty) Syvitski & Kettner (2011) 
 Total global dust 1529 ± 428 Average of modern model emissions (±1σ) 
Maher et al. (2010) and 
references therein 




Saharan dust 970 ± 325 Average of model emissions (±1σ) Maher et al. (2010) and 
references therein 
 South American rivers 1002 Sum of three rivers draining into the North Atlantic.  
(>60% of total South American riverine flux).  
Peucker-Ehrenbrink (2018) 
 Amazon 754   
 Orinoco 173   
 Tocantins 75   
 Greenland ice sheet 1095 ± 185 Average of suspended sediment  
(±range) Overeem et al. (2017) 
  Sum Principal Atlantic 3067 ± 374     
  
Principal Atlantic proportion 
of global  >18%
a  Average    
a the actual proportion of global total will be even higher as many smaller sources (West African rivers, North and South American dust, resuspended shelf 







Figure 1.4. Major modern terrigenous input fluxes in the North Atlantic (Tg/yr, grey arrows). Provenance of modern sediment, 
aerosol, river particles and soils samples is indicated by Nd isotopic composition (parts per 10,000 deviation from uniform chondritic 
reservoir, colour scale capped at -5; Blanchet, 2019). Selected input flux estimates: a = satellite derived estimate for whole 
Greenland ice sheet (Overeem et al., 2017); b = non-anthropogenic riverine fluxes, Am is the Amazon river, Or is the Orinoco river 















1.3.2 The tropical Atlantic at the last glacial maximum 
 
Past input fluxes of terrigenous material to the Atlantic are constrained by proxy 
records from sediment cores and by dust models (Figure 1.2; Kienast et al., 2016). 
Sediment cores can provide (up to) a millennial scale view of past fluxes, but are 
limited in their spatial coverage and so do not constrain the strength of the whole 
source (in contrast to modern observations; Figure 1.4). Dust models provide better 
spatial coverage and the ability to integrate inputs from a single source, but are 
limited to time-slice resolution (Albani et al., 2016), are typically associated with large 
uncertainties (around a factor of 10; Mahowald et al., 2005) and perform 
inconsistently, even at the present day (Evan et al., 2014; Yu et al., 2019). 
Accordingly, knowledge of past fluxes of terrigenous material is more limited, in 
space and time, than for the present day. In the tropical Atlantic at the LGM—
perhaps the most well studied past time period—some data suggest that terrigenous 
fluxes were >2x larger than the late Holocene (François and Bacon, 1991; 
Ruddiman, 1997; Kohfeld and Harrison, 2001; Rühlemann et al., 2001). In contrast, 
more recent studies and dust models off northwest Africa suggest little difference 
between the two time periods (Figure 1.2; Albani et al., 2016; Kienast et al., 2016). 
Even in this well studied region there is no definite consensus. Reconstructions of 
sediment provenance are equally limited in temporal and/or spatial resolution 
(Grousset et al., 1998; Abouchami and Zabel, 2003; Grousset and Biscaye, 2005; 
Cole et al., 2009). Generally there appear to be only small changes in provenance at 
either margin during the LGM (Grousset et al., 1998; Abouchami and Zabel, 2003; 
Cole et al., 2009).  
 
1.4 Knowledge gaps and thesis aims 
1.4.1 Limited spatial resolution and quantification 
 
The absence or sparsity of quantitative terrigenous flux records limits understanding 
of global cycles in two ways. Firstly, links between external nutrient supply, biological 
productivity and carbon cycling cannot be explored without constraining the 
terrigenous input. Even in areas with existing terrigenous flux records (e.g. the 
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tropical Atlantic), a lack of data synthesis means that spatial patterns of terrigenous 
fluxes are not well constrained, and especially not through time. Our understanding 
of the links between productivity and terrigenous input is thus often limited to 
regional generalisations based on few records.   
 
Secondly, understanding the processes that drive terrigenous fluxes, such as wind 
strength or precipitation patterns, is also limited by lack of spatial resolution. 
Changes in these driving processes are linked to climate changes through time, yet 
these changes cannot be fully understood from individual records with no spatial 
dimension. The limited number of terrigenous records combining estimates of flux 
and provenance compounds the problem of uncertain spatial patterns.  
 
1.4.2 Improving flux estimates in key regions 
1.4.2.1 Rationale for studying specific regions 
 
The lack of quantitative terrigenous flux records, or the low spatial resolution of such 
records, is a broad, global scale problem, and too large to be addressed by an 
individual study. In this thesis I will tackle part of the problem by measuring and 
compiling terrigenous flux data in two contrasting study areas. The study areas—the 
west Greenland margin and tropical Atlantic—are proximal to globally-important 
sources of terrigenous material. My approach will add to knowledge of the 
magnitudes, spatial patterns and provenance of terrigenous fluxes from these 
important sources. The new knowledge will thus improve understanding of the 
processes driving, and the effects of terrigenous fluxes in each study area. Because 
the study areas incorporate fluxes from a range of high-and low-latitude processes—
including aeolian, fluvial and glacial fluxes—the thesis will add to understanding of 
the links between climate and terrigenous fluxes at a global, as well as regional, 
scale.  
 
1.4.2.2 Thesis approach and aims  
 
The tropical Atlantic receives terrigenous material from Saharan dust, South 
American rivers and from resuspension of shelf/slope material, and is thus an 
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important study area for constraining the causes and effects of terrigenous inputs to 
the oceans through past climate changes. Previous studies of terrigenous fluxes 
since the LGM are limited in their spatial extent, and often consider high 
sedimentation-rate cores at ocean margins, or cores which may receive terrigenous 
material from multiple sources. However, in addition to studies of terrigenous flux 
there exist a number of publications for which terrigenous fluxes have not been the 
primary focus (e.g. Pa/Th and ocean circulation), but which measure the necessary 
U and Th isotopes in sediment cores. When taken together the number and spatial 
distribution of previously measured cores means that the spatial patterns of 
terrigenous inputs across the whole tropical Atlantic may be assessed using a 
consistent methodology, if the data is compiled and analysed together. Employing 
this approach to sediments from the LGM to late-Holocene in the tropical Atlantic I 
aim to: 
 
• Provide future studies with a spatially and temporally resolved quantitative 
measure of terrigenous supply to the tropical Atlantic (such that links between 
past productivity, terrigenous fluxes and climate may be investigated). 
• Use spatial patterns of terrigenous fluxes to identify the dominant input 
processes in each sector of the tropical Atlantic through time 
• Investigate changes in, and the spatial patterns of, the processes that drive 
terrigenous inputs, such as wind and precipitation. 
 
To further constrain the extent of each terrigenous source I will use the abundance 
and isotopic composition of organic terrestrially-derived compounds (normal alkanes 
or n-alkanes) in mid-ocean cores. Using this approach I aim to: 
 
• Determine terrigenous provenance in distal cores across the tropical Atlantic 
• Use the isotopic composition of n-alkanes to investigate links between climate 
change, terrigenous fluxes and terrestrial vegetation   
• Quantify the flux of terrestrially derived n-alkanes across the tropical Atlantic 
since the LGM 
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• Use combined measurements of inorganic (232Th) and organic (n-alkanes) 
proxies to assess the impact of climate on the supply of each terrigenous 
tracer. 
 
The high latitude North Atlantic has few quantitative records of terrigenous input for 
the modern day, despite being recognised as an area where important links between 
biological productivity and terrigenous inputs may exist (Arrigo et al., 2017; Wadham 
et al., 2019). To address this, my approach in this study will be to provide some of 
the first quantitative estimates of terrigenous fluxes at the west Greenland margin 
using measurements of thorium isotopes dissolved in seawater collected on the 
DY081 cruise (Hendry et al., 2019a). Using these measurements I aim to: 
 
• Test whether large fluxes of terrigenous material escape fjords and reach past 
the continental shelf 
• Assess the size of terrigenous fluxes at the west Greenland margin in relation 
to other globally significant sources  
• Assess the importance of terrigenous micronutrient supply for local 
phytoplankton 
• Compare Fe flux estimates to existing data to assess the spatial variation of 
micronutrient supply between east and west Greenland 
1.5 Thesis layout 
 
The thesis consists of case studies, presented in three separate chapters. The 
methodology for each case study is different and is presented within each chapter. 
The first and last case studies, Chapters 2 and 4, are formatted as manuscripts for 
publication, whilst Chapter 3 is not.  
 
Chapter 2 is a compilation of existing 230Th normalised 232Th flux records from the 
tropical Atlantic using either previously published 230Th normalised flux data, or by 
repurposing 231Pa/230Th records. Using the compiled records, I investigate spatial 
patterns of dust, river and shelf/slope inputs to the tropical Atlantic Ocean since the 
LGM. This spatial analysis allows for the identification of different sources in each 
region. The well resolved spatial distribution of dust fluxes allows me to test a 
 24 
hypothesis regarding glacial shifts in the intertropical convergence zone and to 
investigate how dust patterns change with time.  
 
In Chapter 3 I develop the constraints on tropical Atlantic terrigenous provenance 
established in Chapter 2 by making new measurements of terrestrial biomarkers in 
three distal sediment cores. Measurements of the δ13C of n-alkanes allows me to 
distinguish between an African or South American origin of terrigenous material 
since the LGM. The isotopic signal can also be used to investigate changes in the 
vegetation of source continents since the LGM, and how this links to climate. Using 
the new data I assess whether previously published n-alkane records from close to 
continental margins reflect aeolian processes. Combining the n-alkane 
concentrations with thorium isotope data (Chapter 2) I quantify the flux of n-alkanes 
to the tropical Atlantic and evaluate how this changes with respect to inorganic 232Th 
through climate changes. I assess whether the ratio of the two terrigenous tracers 
might be applied to trace provenance or environmental changes.  
 
In Chapter 4 I present new measurements of 232Th and 230Th on a set of filtered 
seawater samples from the west Greenland margin collected during the DY081 
cruise (Hendry et al., 2019a). Using these measurements I make quantitative 
estimates of dissolved 232Th fluxes. Comparing the dissolved 232Th fluxes to 
estimates from other locations (using the same methodology) places the fluxes from 
Greenland in a global context. I also estimate the effects of physical oceanography 
on dissolved 232Th fluxes. I use previously published estimates of biological 
production at the same sites to assess the importance of terrigenous fluxes of Fe for 











2 Chapter 2:  
The spatial distribution of aeolian dust and 
other terrigenous fluxes in the tropical 
Atlantic Ocean since the last glacial 
maximum  
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models and U-Th data for some of the compiled sediment cores (based on work in 
Ng et al., 2018). Supplementary figures are presented at the end of the main 
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The flux of terrestrial material from the continents to the oceans forms a link between 
the lithosphere, hydrosphere and biosphere through direct and indirect physical and 
chemical interactions that have important implications for Earth’s climate. 
Quantitative estimates of these fluxes from various sources, such as rivers, aeolian 
dust and resuspended shelf sediments, are required to understand how the 
processes delivering terrigenous material respond to and are influenced by climate. 
We compile 230Th normalised 232Th flux records to provide an improved 
understanding of aeolian fluxes in the low-latitude Atlantic since the last glacial 
maximum (LGM), and identify sites that are influenced by non-aeolian processes. By 
isolating aeolian-dominated sites in our compilation we show that there was a 
persistent meridional gradient in 232Th fluxes in the eastern equatorial Atlantic at the 
LGM, suggesting that the intertropical convergence zone did not migrate south of its 
late-Holocene position during LGM boreal winter. The ratio of LGM to late-Holocene 
232Th fluxes highlights a meridional difference in dust deposition, with sites <10oN 
showing larger changes over time, supporting the interpretation of increased trade 
wind strength, potentially combined with differential changes in soil moisture and 
reductions in higher altitude summer winds during the LGM. Our compilation also 
highlights the importance of continental margins as direct sources of very high and 
variable terrigenous flux, especially at times of reduced sea-level. In the western 
tropical Atlantic even locations far from continents (>700 km) are primarily influenced 
by riverine or resuspended inputs, with LGM and late-Holocene 232Th fluxes that are 
~2x larger than aeolian-dominated sites in the east. Our study provides a spatially 
and temporally constrained quantitative data set, allowing future studies to test the 
importance of changes in terrestrial fluxes to biological productivity and climate in the 









2.1.1 Lithogenic fluxes: relevance to climate 
 
The flux of lithogenic sediment from the continents to the oceans is an important 
component of the Earth system, influencing and being influenced by global and 
regional climates. Fluxes of lithogenic material are derived from local to regional 
sources such as rivers (Peucker-Ehrenbrink, 2009) and glaciers (Overeem et al., 
2017), or from more widespread processes such as dust source areas in arid parts 
of the continents (Goudie and Middleton, 2001). The resuspension and movement of 
sediment from continental shelves and slopes provides an additional flux of 
terrigenous material into the ocean interior (Biscaye and Eittreim, 1977; Wynn et al., 
2002).  
 
The interactions between climate and lithogenic fluxes can be divided into two broad 
classes. First, the direct and indirect radiative effects associated with mineral dust 
can lead to changes in the radiative balance of the Earth (Harrison et al., 2001 and 
references therein; Maher et al., 2010 and references therein). These radiative 
effects include the interaction of dust with incoming and outgoing radiation (Evan et 
al., 2009), as well as provision of nuclei that promote the formation of clouds, which 
in turn affects albedo (DeMott et al., 2003). These properties of dust are thought to 
influence large scale climatic features such as ocean surface temperatures and 
monsoon systems (Evan et al., 2009; Strong et al., 2015; Williams et al., 2016). 
Second, lithogenic fluxes are a key component in the cycling of chemical species of 
biological and climatic importance in the ocean (Jeandel and Oelkers, 2015). The 
dissolution of lithogenic material affects the chemical composition of the oceans, 
balancing alkalinity lost due to carbonate burial (e.g. Broecker & Peng, 1982). In 
addition, dissolution of lithogenic material can provide nutrients and micronutrients 
which are of importance for biological primary production (Jeandel and Oelkers, 
2015). For example, Moore et al. (2013) calculate that externally added fluxes of 
dissolved N, P and Fe to the ocean supported on the order of 1-10 % of annual 
export production in the pre-industrial global ocean, highlighting the importance of 
these fluxes as part of the climate system.  
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The relative importance of different sources of terrestrial material to the ocean is 
dependent on the composition of the material and the site of deposition. For 
example, in some parts of the world’s oceans primary production is limited by 
macronutrients, whilst others are limited by micronutrients such as iron, depending 
on their rate of supply to the photic zone from external sources or upwelling (Moore 
et al., 2013). Although they account for many large sources of terrestrial material, 
rivers may have a limited influence on the open ocean because the sediment they 
carry can be trapped in estuaries and fjords (Poulton and Raiswell, 2002). Despite 
this sediment trapping, the large amplitude of the particulate fluxes associated with 
rivers mean that the dissolution of even a small fraction of the riverine material can 
still result in large or dominant fluxes of elements such as iron to the ocean (Jeandel 
and Oelkers, 2015). Eventually some of the terrigenous material trapped close to the 
continents may enter the ocean interior through additional processes (e.g. turbidity 
currents; Damuth, 1977). 
 
Desert dust represents a flux of material totalling approximately only 10% of riverine 
particulate flux at the present day (as estimated from values given by Overeem et al., 
2017 and references within Maher et al., 2010). However, unlike the sediment 
supplied from riverine sources, dust has the potential to reach further into the open 
ocean, to regions that may be limited by nutrients otherwise unavailable, with 
profound implications for global climate (Martin, 1990; Martínez-García et al., 2014). 
Previous studies indicate that the addition of dust to the surface ocean may affect 
biological productivity, with different phytoplankton groups showing a range of 
responses (Moore et al., 2013, and references therein). For example, diazotrophs 
might be expected to be stimulated by the addition of dust due to their high 
requirement for Fe, allowing them to fix atmospheric nitrogen, thus also increasing 
the oceanic nitrate inventory (Jickells and Moore, 2015; Pabortsava et al., 2017).  
Additionally it has been hypothesised that the ballasting of biogenic material by dust 
in the open ocean may increase carbon export (e.g. Pabortsava et al., 2017), 
providing an additional link to climate. 
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2.1.2 Lithogenic fluxes in the low-latitude Atlantic 
 
The low-latitude Atlantic Ocean is an area well suited to the study of terrigenous 
fluxes from aeolian sources. Northwest Africa lies to the east and is the largest 
global source of mineral dust, with estimates of the total emission of dust ranging 
from approximately 500 to 1400 Tg/yr (Maher et al., 2010, and references therein). 
Yu et al. (2015) estimated a seven year average flux of dust moving through a 
section at 15oW across the tropical North Atlantic to be 182 Tg/yr (decreasing to 43 
Tg/yr by 75oW), whilst Ridley et al. (2012) estimated 218 ± 48 Tg/yr of dust was 
deposited on the tropical Atlantic (a three year average, with total westward transport 
260 ± 55 Tg/yr). Dust transport across the Atlantic is highly seasonal (Engelstaeder 
et al., 2006), with summer dust being delivered further north (~5 to 25oN), 
predominantly at higher atmospheric levels (~4-5 km, Ridley et al., 2012), in part due 
to the thicker atmospheric boundary layer resulting from high summer insolation 
(Ben-Ami et al., 2009; Schepanski et al., 2009a). Dust lifted to these higher levels 
may then be transported westwards by the African Easterly jet (AEJ) (Pye, 1987) 
which is centred at ~500-700 hPa (Nicholson, 2009; Wu et al., 2009), or ~3-6 km 
altitude. In contrast, winter dust is delivered further south (~5oS to 15oN), and at 
lower atmospheric levels (generally <2 km, Ridley et al., 2012) due to reductions in 
the speed of easterly winds above ~1.5 km (Schütz, 1980) and the strong near 
surface north-easterly trade winds, that reach their peak speed during this season 
(Engelstaeder et al., 2006). This seasonal migration in the position of the dust plume 
is directly linked to the position of the intertropical convergence zone (ITCZ; 
Engelstaedter et al., 2006). 
 
In addition to the aeolian inputs, the tropical Atlantic is bounded by the South 
American continent to the west, where large rivers drain into the ocean (Peucker-
Ehrenbrink, 2009). The suspended sediment load of the Amazon river alone 
accounts for an estimated ~750 Tg/yr (Peucker-Ehrenbrink, 2018), suggesting that 
the fluxes of lithogenic material to the tropical Atlantic from the east (dust) and west 
(riverine material) are on the same order of magnitude at present, but that the 
Amazon potentially represents the larger source. 
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There is evidence that part of the substantial flux from the Amazon is deposited 
across the western tropical Atlantic, as recorded by sediment core sites west of the 
mid-Atlantic ridge (François and Bacon, 1991; Hemming et al., 1998; Zabel et al., 
1999; Rühlemann et al., 2001). Large changes in the proportion and flux of 
terrigenous material being delivered to these sites are likely to have occurred over 
the transition from the last glacial maximum to the late-Holocene (e.g. Rühlemann et 
al., 2001). These changes in terrigenous flux have been attributed to processes at 
the South American continental shelf edge related to the changing sea-level of the 
glacial-interglacial transition (Hemming et al., 1998; Rühlemann et al., 2001). The 
shallow slope of the continental shelf in the area means that changes in sea-level of 
10s of metres can effectively move the edge of the continent by hundreds of 
kilometres, impacting the riverine flux of sediment delivered to distal sediment core 
sites (François and Bacon, 1991; Rühlemann et al., 2001). During the last glacial 
period, this reduced distance between core sites and the sediment source, combined 
with changes in surface ocean currents (linked to changing trade winds), is thought 
to explain the significantly higher lithogenic sediment fluxes to the Ceará Rise, for 
example (Rühlemann et al., 2001). In addition, widespread nepheloid layers and 
mass wasting at the shelf edge are possible during periods of low sea-level, 
potentially occurring across both the east and west basins (Hemming et al., 1998).  
 
In the eastern and mid-tropical Atlantic the focus has been on interpretations of 
aeolian dust deposition, and reconstructing changes in this flux through time 
(Ruddiman, 1997; Adkins et al., 2006; McGee et al., 2013; Williams et al., 2016; 
Skonieczny et al., 2019). Some reconstructions of terrigenous fluxes vary with water 
depth, both for core-top samples, and during the last deglaciation (François and 
Bacon, 1991; Rowland et al., 2017), adding an additional layer of complexity to the 
interpretation of lithogenic flux reconstructions. 
 
2.1.3 The position of the ITCZ  
 
The location of the ITCZ around the Atlantic is of interest because its position 
controls where the tropical rain-belt lies, affecting monsoon systems on South 
America and Africa, ocean surface salinity and river run-off (and the associated 
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change in sediment load). It also manifests as a biogeochemical barrier in the 
surface ocean at the present day (Schlosser et al., 2014). Additionally models 
suggest that the shifts in the ITCZ can affect the Atlantic meridional overturning 
circulation (Krebs and Timmermann, 2007). The ITCZ migrates north and south as a 
response to changes in the energy balance between the hemispheres (Schneider et 
al., 2014), and its position is sensitive to differential incoming/outgoing radiation or 
differential heat fluxes to or from the ocean (Marshall et al., 2014; Schneider et al., 
2014). At present, the mean position of the ITCZ north of the equator results from the 
northward flux of heat across the equator from the Atlantic meridional overturning 
circulation that leads to increased warming of the northern hemisphere (McGee et 
al., 2014; Marshall et al., 2014; Schneider et al., 2014). Both latitudinal migrations 
and effective expansions/contractions of the rain-belt extent could have occurred in 
the past, depending on the nature of the forcing (e.g. orbital variations vs high 
latitude freshwater input), and whether or not the ITCZ overlies land or ocean 
(Singarayer et al., 2017). Past changes in the position of the global ITCZ have been 
hypothesised in response to temperature differences between the two hemispheres 
during periods of past climate change (Haug et al., 2001; Arbuszewski et al., 2013; 
McGee et al., 2014; Jacobel et al., 2016; Jacobel et al., 2017). 
 
Primary productivity in most of the tropical Atlantic is limited primarily by the 
availability of nitrate, followed by phosphate and in some instances Fe (Moore et al., 
2013). Seasonal changes in the spatial pattern of nitrogen fixation and nutrient 
limitation have been linked to changes in the position of the ITCZ (Schlosser et al., 
2014), highlighting the importance of changes in atmospheric circulation to the 
spatial pattern of nutrient distribution and limitation in the ocean through time. 
Reconstructing the position of the ITCZ may therefore be important for 
understanding past oceanic biogeochemical divides (e.g. Schlosser et al., 2014) and 
for understanding atmospheric responses to changes in ocean circulation or 
hemispheric differences in albedo (McGee et al., 2014; Jacobel et al., 2016). 
 
Despite its importance, the extent to which the ITCZ migrates during episodes of 
past climatic change is unclear. In the western tropical Atlantic there seems to be 
consensus that during strongly hemispherically asymmetric climate shifts, such as 
those occurring during Heinrich stadials, the ITCZ could have shifted by several 
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degrees latitude (Broccoli et al., 2006; Deplazes et al., 2013; Burckel et al., 2015; 
Zhang et al., 2015; Mulitza et al., 2017; Häggi et al., 2017; Portilho-Ramos et al., 
2017; Waelbroeck et al., 2018; Crivellari et al., 2018; Stríkis et al., 2018). However, 
the behaviour of the ITCZ over the longer timescale change from LGM to late-
Holocene over the open ocean remains less certain. 
 
In the Atlantic region, two proxy-based approaches yield contrasting views of the 
differences between LGM and late-Holocene precipitation patterns and the past 
location of the ITCZ. Planktonic foraminiferal d18O and Mg/Ca data from cores at the 
southern edge of the modern ITCZ indicate large (several degrees) latitudinal 
migrations of the rain belt (Arbuszewski et al., 2013). However, sediment records of 
n-alkane δ13C indicate a contracted region of C3 plants (that tend to grow in more 
humid conditions) both north and south of the equator during the LGM and Heinrich 
stadial 1, HS1 (Collins et al., 2011). It follows that the rain-belt (and the position of 
the ITCZ) contracted in response to climate changes, showing less seasonality and 
spending more time closer to the equator, rather than shifting latitudinally 
southwards (Collins et al., 2011). Both proxies have their own uncertainties, and 
there are limitations relating to the location and temporal resolution of the sediment 
cores, such that placing a robust constraint on the ITCZ position through time with 
the available data is challenging. 
 
Because the delivery of aeolian dust may be controlled in large part by wet 
deposition associated with the ITCZ, reconstructions of past dust fluxes have been 
applied as one approach for reconstructing shifts in the ITCZ Pacific (McGee et al., 
2007; Jacobel et al., 2016). Accurate reconstructions of the dust component of 
lithogenic fluxes are crucial to understand the response of marine organisms to past 
changes in dust fluxes (and therefore nutrients), and establish past shifts in the 
ITCZ. To reconcile the existing proxy based estimates (Collins et al., 2011; 
Arbuszewski et al., 2013) with the model results (Singarayer et al., 2017) we use the 
compiled 232Th flux data to assess whether there is evidence for large latitudinal 
migrations of the ITCZ over the LGM to late-Holocene transition. 
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2.1.4 Terrigenous fluxes from 230Th-normalisation of 232Th 
 
A more comprehensive view of the system can be achieved through bringing 
together existing records from tropical Atlantic sediment cores. Previous spatial 
studies have used compilations of sediment core lithogenic flux reconstructions to 
investigate changes in fluxes through time, and for model-data comparison (Kohfeld 
and Harrison, 2001). However, many of the records in such compilations rely on 
terrigenous fluxes derived from bulk accumulations rates (e.g. Ruddiman, 1997). 
These fluxes are subject to biases due to sediment redistribution at the seafloor 
(François et al., 2004). Instead more reliable estimates of flux can be reconstructed 
using techniques such as 230Th-normalisation (François et al., 2004; Kienast et al., 
2016).  
 
The method of normalising sedimentary constituents to the flux of 230Th delivered to 
the sediment has been described fully elsewhere (Henderson and Anderson, 2003; 
François et al., 2004; Costa et al., 2020). The method relies upon the assumption, 
based upon and validated by observations and modelling (Bacon, 1984; Henderson 
et al., 1999; Yu et al., 2001; Hayes et al., 2015c) that the flux of 230Th delivered by 
settling sediment to the seafloor is predictable based on the concentration of the 
parent isotope (234U) in seawater, and the depth of the water column. Measurements 
of the 230Th concentration in the sediment (most commonly presented as an activity 
per unit mass, e.g. dpm g-1) allow the calculation of sediment flux required to match 
the predicted flux of 230Th. This method requires that 230Th (along with other U-series 
isotopes) are separated from the sediment and measured, typically by anion-
exchange chromatography and inductively coupled plasma mass spectrometry (ICP-
MS). These methods of separation and measurement also allow the primordial 
isotope 232Th to be analysed simultaneously. Given its incompatibility in many 
minerals (Blundy and Wood, 2003), 232Th is incorporated into melt phases 
preferentially during the processes of crustal formation. As a result 232Th is present in 
high concentrations in the continental crust, over an order of magnitude greater than 
in oceanic basalts (Kienast et al., 2016 and references therein; McGee et al., 2007, 
2016). This fractionation allows the sedimentary flux of 232Th to be used as a 
palaeoceanographic proxy that is sensitive to varying terrigenous inputs through time 
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(Pourmand et al., 2004; Anderson et al., 2006; Adkins et al., 2006; McGee et al., 
2007; Jacobel et al., 2017). 
 
Normalising sediment records using 230Th allows for an estimate of the vertical rain 
of sediment through the water column. There are uncertainties in the technique 
related to the assumption of constant 230Th flux (François et al., 1990; François et al., 
2004; Hayes et al., 2015c; Rowland et al., 2017) and with choosing the appropriate 
correction factors for detrital 230Th (Missiaen et al., 2018). However, the 230Th-
normalisation method is generally considered to be a good method for the 
reconstruction of vertical rain rates (within certain oceanographic settings) and to 
represent an improvement on the traditional approach using fluxes derived from bulk 
accumulation rates (François et al., 2004; Costa and McManus, 2017). The 
technique generally compares well with other constant-flux proxies such as 3He 
where the two have been measured in the same sediments (McGee et al., 2010b), 
except in the presence of intense hydrothermal scavenging regimes where the 
differences can be large (Lund et al., 2019). Marcantonio et al. (2001) show that the 
difference between vertical fluxes estimated using the 230Th- and 3He-normalisation 
techniques are on average smaller than a factor of 2 in a sediment core from the 
Arabian sea. Although not insignificant this is smaller than the differences between 
230Th-normalised fluxes and bulk age-model derived fluxes in regions of intense 
sediment focussing (François et al., 2004). 
 
Although it is possible to estimate an absolute flux of lithogenic sediment based on 
the 232Th concentration of the material in question, this estimate is dependent on the 
grain size and provenance of the material, and thus to some extent requires an 
assumption regarding the source of that material. For example, the fine fraction of 
aeolian dust is thought to have a 232Th concentration ~14 µg g-1, compared to the 
average upper crust ~11 µg g-1 (Taylor and McLennan, 1985; McGee et al., 2016). It 
is also possible that local lithologies can cause the 232Th concentration in lithogenic 
material to differ substantially from the crustal average (Section 2.4.1.1). Given that 
one aim of this study is to determine the different sources of lithogenic material 
delivered to the Atlantic, we present reconstructions of lithogenic fluxes as 232Th 
fluxes to avoid a priori assumptions about the source of the material. 
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2.1.5 Approach of this study 
 
In this study we bring together a temporally and spatially resolved compilation of 
230Th-normalised records of 232Th accumulation in the tropical Atlantic throughout the 
last ~25 ka. This new compilation draws on records that reflect aeolian inputs to the 
ocean as well as riverine and shelf/slope fluxes. The compilation includes four 
records that have not been previously considered in the context of terrigenous inputs 
(Ng et al., 2018). Together these records allow us to divide the dataset into broad 
zones based upon the magnitude and the likely dominant source of 232Th fluxes (i.e. 
riverine, shelf or aeolian). We use our divided compilation to identify and interpret 
records that have dominantly received 232Th from aeolian dust throughout the past 
~25 ka. This allows us to determine the past meridional gradients of aeolian dust in 
the low-latitude Atlantic at increased spatial and temporal resolution, and to 
investigate the past position of the intertropical convergence zone in the area. 
 
2.2 Materials and methods 
2.2.1 Compiled data 
 
We compile data from studies in the low-latitude Atlantic that provide both the U and 
Th isotopic data required for 230Th normalisation and a temporal resolution generally 
higher than 1 ka for high accumulation sites (e.g. ODP658C) and a minimum 
resolution of ~4 ka for mid-ocean sites (core V25-21). The data are mainly derived 
from ICP-MS measurements, but also contain the data from alpha spectrometry (e.g. 
Francois et al., 1990) and all cover the last deglacial transition, with the highest data 
density being between 0-18 ka. The 36 cores cover a range in latitude from 4oS to 
31oN, in longitude from 11 to 78oW and in depth from 965 to 5104 m (Appendix 
Table A2.1). The records of cores from McGee et al. (2013) are presented as 232Th 
fluxes, rather than dust flux as estimated by the initial study, to allow for direct 
comparison to neighbouring cores. Fluxes of 232Th from cores KN207-2-GGC6 and -
GGC3 at the Mid-Atlantic Ridge have been normalised to 3He, rather than 230Th 
(Middleton et al., 2016; Middleton et al., 2018). 
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The data in previous studies were presented in a range of different formats: in some 
cases only the raw data were presented, and in other cases the corrections 
necessary for 230Th-normalisation were already undertaken. The approach here has 
been to use 230Thxs0 (excess 230Th corrected for the time since deposition and for 
activity supported by U in the sediment) from the original studies where available. If 
necessary, the 230Thxs0  values were recalculated based on the methods set out by 
Francois et al. (2004), using chronology and correction factors given in the original 
studies (e.g. 232Th/238U in detrital material) and using the 230Th half-life of Cheng et 



























































Figure 2.1.  Sediment cores with 232Th/230Th data compiled in this study, grouped by 
232Th flux magnitude and location. Ocean margin sites are coloured green and black 
(African) and pink (South American), open-ocean sites are coloured red, yellow and 
blue (François et al., 1990; Adkins et al., 2006; Bradtmiller et al., 2007; Lippold et al., 
2011; Lippold et al., 2012b; Lippold et al., 2012a; Meckler et al., 2013; McGee et al., 
2013; Bradtmiller et al., 2014; Burckel et al., 2015; Middleton et al., 2016; Lippold et 
al., 2016; Williams et al., 2016; Mulitza et al., 2017; Voigt et al., 2017; Waelbroeck et 
al., 2018; Middleton et al., 2018; Ng et al., 2018; Skonieczny et al., 2019). Different 
shaped symbols indicate different cores, as identified on the map. Some closely 
spaced cores from the same study are given the same symbols. Error bars are 2SD 
if calculated here, or as given by the original studies. No uncertainty is plotted for the 























2.2.2 Sources of uncertainty 
 
The analytical uncertainties of any one sedimentary record are typically smaller than 
the uncertainty on the assumption of constant 230Th flux which is on the order of 
±30% for most of the ocean (Henderson et al., 1999). Uncertainties are taken from 
the original studies where presented, or calculated as 2 standard deviations from the 
mean where fluxes are calculated here. No specific uncertainty is available for the 
data from Francois et al. (1990), but an average counting precision of ~8% for 230Th 
and 232Th (2SD) is reported.   
 
When fluxes were calculated, uncertainty from the chosen 238U/232Th ratio has been 
propagated using the ratio and corresponding uncertainty provided by the original 
studies. In settings with a high proportion of lithogenic material, 230Th-normalised 
fluxes are sensitive to the chosen value of 238U/232Th of detrital material (Missiaen et 
al., 2018). As such, records at the ocean margins with high accumulations of 
terrigenous material must be more cautiously interpreted than those from more 
slowly accumulating open-ocean settings with a much lower lithogenic content. For 
example, Core GeoB16206-1 (Voigt et al., 2017) records a highly variable 232Th flux 
through the time interval studied, 93-875 µg m-2 yr-1 using the U/Th ratio of 0.4 given 
in the original study. This range changes to 99-2332 µg m-2 yr-1 (7-167 % change) 
when increasing the U/Th ratio to 0.5. This shows that for fluxes on the order of ~100 
µg m-2 yr-1, the use of different ratios does not likely cause a large bias in reported 
232Th flux (relative to other sources of uncertainty; Hayes et al., 2015; Henderson et 
al., 1999), but that for high 232Th fluxes small changes in the ratio may cause large 
differences. For a site with a given proportion of lithogenic material, higher 
proportions of 230Thxs will further reduce this bias (e.g. in deeper ocean settings).  
Some original studies of closely spaced records use different detrital 232Th/238U or 
other correction factors in the calculation of 230Thxs0 (Appendix Table A2.1; Figure 
S2.1). Bias in 232Th fluxes are most likely at the Ceará Rise and around the African 
Margin, where differences in the U/Th ratio between closely spaced cores of 0.13 
and 0.2 respectively are coupled with high 232Th fluxes. These differences in U/Th 
ratio used may account for some of the larger absolute flux differences between 
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closely spaced cores at the Ceará Rise and continental margins compared to the 
more distal records. 
 
Uncertainties in age models have not been propagated into the corrections for 230Th. 
Given the relatively young late-Quaternary sediments investigated here these 
uncertainties should be relatively small. For example, considering only the correction 
to 230Thxs for time elapsed since burial, for core GeoB9508-5, a 20% increase in the 
model age gives differences in 230Thxs0 ranging from 1% at 4 ka to 5% at 27 ka. As 
our approach here is to interpret multiple records together we reduce the significance 
of the uncertainty and heterogeneity from any single record and distinguish the main 
regional trend. 
 
Focussing and winnowing of sediments can lead to under- and over estimates of 
230Th normalised fluxes respectively (Marcantonio et al., 2014). A recent compilation 
of Holocene and LGM sediments (Costa et al., 2020) indicates that focusing factors 
in our study area are slightly higher during the LGM (average LGM/Holocene 
focusing ~1.4 ± 0.70, 1σ, n =16), and are most variable at sites with high 
accumulation rates (such as ocean margins and the Ceara Rise), This modest 
change in focussing may lead to bulk 230Th normalised fluxes that are slightly 
underestimated at the LGM, relative to the Holocene (i.e. more underestimated at 
LGM). However, previous studies indicate that the effect on 232Th fluxes is minimal 
as most 232Th is carried in the fine fraction of the sediment, along with 230Th 
(Marcantonio et al., 2014; Costa et al., 2020); differences in 232Th flux over a range 
of focussing factors ~0.5-4.5 are limited to ~±30% (Costa et al., 2020). Therefore we 
expect the smaller changes in focussing in our study area to have negligible impact 
on our interpretations.  
 
2.2.3 Core chronologies 
 
The age control on the different sedimentary records varies in resolution and quality. 
Eighteen cores have ages constrained by 5 to 18 calibrated 14C dates of planktic 
foraminifera, but others have age control that relies on oxygen isotopic correlation 
(e.g. Francois et al., 1990).  One study (François et al., 1990) assumes a zero age 
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for core-top sediments to provide an additional age constraint; this assumption is 
inconsistent with observations of core-top ages in the region that are greater than 3 
ka (e.g. Ng et al., 2018). Given the uncertainty in the age models of the compiled 
records we do not to make interpretations that depend on detailed chronology of 
individual records, and focus instead on multi-millennial scale changes. This 
approach is suited to the setting of many open-ocean cores with low sedimentation 
rates where short-term variations may have been masked by bioturbation (Williams 
et al., 2016; Middleton et al., 2018). Our approach is sufficiently rigorous to allow us 
to interpret the broad basin-scale features of the compilation as well as temporal 
changes that occur on multi-millennial timescales. When discussing fluxes during 
specific time periods we define the late Holocene as 0-5 ka and the LGM as 19-26.5 
ka (Clark et al., 2009).  
 
2.3 232Th fluxes in the low-latitude Atlantic since the LGM 
2.3.1 Ocean margin data 
 
Sediment cores recovered from both margins of the low-latitude Atlantic show the 
highest 232Th fluxes (and 230Th-normalised bulk sediment fluxes). The sites defined 
here as margin records are located within 300 km of the nearest coast, except for 
core MD03-2705 (Skonieczny et al., 2019), which is located >500 km from shore but 
is nevertheless grouped with other African margin records due to their close 
geographic proximity and similarity in 232Th flux values (Figure 2.1). Core MD03-
2705 may be considered to be a transitional site as it exhibits 232Th fluxes similar to 
both margin and open-ocean sites at different times. The margin sites generally have 
232Th fluxes >200 µg m-2 yr-1 and show high temporal variability, particularly during 
the deglaciation. These changes are seen on both eastern and western ocean 
margins of the low-latitude Atlantic (Figure 2.1). Fluxes at the South American 
continental margin were up to an order of magnitude higher than on the African 
margin during the deglaciation, and also higher on average (380 ± 240 vs 140 ± 80 
µg m-2 yr-1, 1SD) throughout the study interval.  
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Some of the African margin records are characterised by a high degree of variability 
on timescales not resolved by other more slowly accumulating cores in this 
compilation.  Two cores, GeoB9508-5 and OCE437-7-GC68 (green square and 
triangle, Figure 2.1), show a strong peak at 16-18 ka, whilst core ODP658 misses 
most of this interval (green circle, Figure 2.1), and MD03-2705 (green inverted 
triangle) shows a smaller magnitude peak temporally offset by ~1 ka (maybe as a 
result of the different 14C calibrations curves used, or the differential impacts of 
bioturbation). All African margin cores show an increase in 232Th flux at ~12-13 ka.  
The relative magnitude of the peaks at 12-13 and 16-18 ka is variable, with one 
record showing the same approximate magnitude within uncertainty (OCE437-7-
GC68), whilst others show a larger peak at either of the two time periods (e.g. MD03-
2705, Figure 2.1). There is an additional peak seen at ~25 ka (around Heinrich 
stadial 2, HS2) in the record of GeoB9508-5 (Lippold et al., 2012b) that is not seen in 
the other record that resolves this time period (MD03-2705; Skonieczny et al., 2019). 
The uncertainties on 232Th fluxes in core GeoB9508-5 are very high during this time 
period (when propagating uncertainty in U/Th of detrital material and the uncertainty 
on the contribution of authigenic U). The sense of change between LGM and late-
Holocene is variable between cores, with OCE437-7-GC49 and GeoB9508-5 
indicating higher late-Holocene fluxes (LGM/late-Holocene flux ratios 0.65 and 0.91 
respectively), Whilst MD03-2705 and OCE437-7-GC68 show higher LGM fluxes 
(LGM/late-Holocene 1.45 and 1.14 respectively). The cores show lower 232Th fluxes 
during much of the mid-Holocene, with flux minima often around 6-8 ka.  
 
All three South American cores are <100 km from the coast but were likely as close 
as 30 km during the lower sea-level of the LGM (e.g. Rühlemann et al., 2001). The 
cores show large and variable 232Th fluxes through the deglaciation and beyond the 
LGM. The main peaks are at ~11-13 ka, ~15-18 ka and ~24-25 ka. Late-Holocene 
fluxes are lower than LGM fluxes in the two records that resolve both time periods, 
yet the magnitude of the flux change is different, ranging from a factor of 1.7x to 6.7x 
higher at the LGM. These records have large uncertainties during periods of the 
highest 232Th flux, in part due to the large detrital fraction of the sediment (Missiaen 
et al., 2018).  
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2.3.2 Open-ocean data 
 
Away from the continental margins (i.e. beyond the approximate 300 km boundary 
established by Kienast et al., 2016) the open-ocean records are largely consistent in 
terms of their broad scale temporal trends. The LGM 232Th fluxes are generally 
elevated, whilst mid-Holocene values are often the lowest in each core and peak 
fluxes are typically at some point during the deglaciation. These core sites can be 
further divided into three groups on the basis of the magnitudes and temporal 
patterns of their 232Th flux (Figure 2.1). 
 
2.3.2.1 High 232Th flux sites 
 
The eight sites that are west of the Mid-Atlantic Ridge but away from the continental 
slope have high 232Th fluxes (Figure 2.1). They show the highest 232Th flux of the 
open-ocean sites with values reaching >200 µg m-2 yr-1 during the LGM, and values 
averaging ~90 µg m-2 yr-1 during the Holocene. These sites lie between ~530-970 km 
from the nearest coastline at the present day, but could have been ~300 km closer to 
the LGM coast due to the lowered sea-level. These cores were mostly excluded from 
the LGM compilation of Kienast et al. (2016) because those authors extended a 
distance criterion of >800 km to this part of the ocean, but they are mostly included 
in the late-Holocene time slice to which they apply a criterion of >600 km. The cores 
all show an interglacial-glacial difference, with average LGM (19-26 ka) 232Th fluxes 
of ~220 ± 40 µg m-2 yr-1 (1SD), compared to a Holocene (0-10 ka) average of ~90 ± 
40 µg m-2 yr-1. In addition, shorter time-scale variations occur in some cores around 
the time of the deglaciation, with 232Th fluxes peaking at >300 µg m-2 yr-1. The 
initiation and end of the LGM to Holocene transition appears to span a range of 
several thousand years between the different records, likely as a result of the 
variable age controls. For example, data from core KNR110 55GGC (c.f. RC16-66) 
are noticeably younger (older) than the average temporal trend, (red diamonds and 
squares in Figure 2.1).  
 
2.3.2.2 Moderate 232Th flux sites 
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Six sites on or east of the Mid-Atlantic Ridge from 1.9 to 7.4oN denoted by yellow 
symbols in Figure 2.1 have 232Th fluxes of 36 ± 10 µg m-2 yr-1 in the Holocene and 
LGM fluxes of 88 ± 13 µg m-2 yr-1. These sites also show shorter timescale variations, 
with peaks in 232Th fluxes around the time of the deglaciation and at the LGM. 
Minimum values are typically reached in the mid-Holocene, where fluxes remain 
lower than late-Holocene values for a time period of several thousand years (best 
resolved by the higher resolution core VM20-234; Williams et al., 2016). These sites 
are at least 840 km from the coast at present, with the LGM coast up to ~200 km 
closer. The main LGM to Holocene reduction in dust flux is offset by up to several 
thousand years in the different cores, with the mid-Holocene flux minimum being 
reached between ~5.4-8.4 ka.  
 
2.3.2.3 Low 232Th flux sites 
 
Eleven sites designated as low 232Th flux sites in this study come from the broadest 
geographical spread of the three open-ocean groups, with five approximately 
equatorial cores (Bradtmiller et al., 2007) located around the Mid-Atlantic Ridge 
(shown as dark blue symbols in Figure 2.1), and six cores located between 15-30oN 
(show as cyan symbols in Figure 2.1). Included are two cores in which 232Th fluxes 
have been estimated by means of normalisation to extra-terrestrial 3He (Middleton et 
al., 2018). Maximum fluxes are seen around the time of the deglaciation, with the 
most southerly cores in the group (dark blue symbols in Figure 2.1) showing peak 
deglacial values 25-72 µg m-2 yr-1, and those further north and west (cyan symbols in 
Figure 2.1) showing peak values 15-34 µg m-2 yr-1. In addition to high deglacial 
values two cores in the north and west group show LGM fluxes approximately the 
same as deglacial values, although they are poorly resolved over this interval 
(S0172-GVY014 and V25-21; Bradtmiller et al., 2014; Ng et al., 2018) The low flux 
sites have minima around the early- to mid-Holocene, and show relatively invariant 
fluxes between the LGM and before the deglacial maxima. The more southerly sites 
(dark blue symbols Figure 2.1) show LGM 232Th fluxes at least 1.6x the late-
Holocene fluxes, with the sites further north and west (cyan symbols Figure 2.1) 
showing more variability (from ~1.2x at the Mid-Atlantic Ridge to ~1.8x at the 
Bahamas; Middleton et al., 2018; Williams et al., 2016). The low 232Th flux sites are 
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all distal from continents (~700-2800 km), apart from two cores near the Bahamas 
(Williams et al., 2016), which are ~200 km from the coast of North America. 
 
2.4 Discussion 
2.4.1 The influence of continental margins  
2.4.1.1 High and variable deglacial 232Th fluxes 
 
The flux of terrigenous material at the ocean margins is much higher than fluxes to 
the more remote parts of the ocean (Kienast et al., 2016). For example, in their study 
of late-Holocene and LGM 232Th fluxes Kienast et al. (2016) demonstrate that 
beyond ~300 km from the coast, terrestrial fluxes tend to be <200 µg m-2 yr-1, but 
that closer to the coasts hemipelagic and riverine influences can lead to extremely 
high 232Th fluxes (>900 µg m-2 yr-1). This contrast is also highlighted in the temporally 
resolved data compiled here, with sites at both continental margins in the tropical 
Atlantic having 232Th fluxes often well in excess of 200 µg m-2 yr-1. The average 
value of 214 ± 186 µg m-2 yr-1 at margin sites compared to the open-ocean moderate 
232Th flux group of cores of 67 ± 24 µg m-2 yr-1 , for example, indicates the different 
sedimentation regimes occurring at these settings.  
 
There are differences between the African margin records, both in terms of the 
absolute fluxes and the temporal variability of the records. There are periods with 
good agreement (e.g. 12-14 ka; Figure 2.1), yet there are also disagreements at ~24 
ka between cores GeoB9508-5 (Lippold et al., 2012b) and MD03-2705 (Skonieczny 
et al., 2019) (Figure 2.1). Differences in the relative changes of 232Th fluxes through 
time between nearby cores are difficult to reconcile in terms of single coherent 
source of terrigenous material. The differences in the absolute fluxes and relative 
changes between cores might be explained by the different distances to the 
lithogenic 232Th sources, variable contributions of riverine or resuspended shelf/slope 
material, variable susceptibility to bioturbation, differences in aeolian deposition or by 
age model biases. For example, whilst core MD03-2705 provides a high temporal 
resolution record through the last glacial cycle, one peak in the 232Th flux of MD03-
2705 record at ~73-78 ka (Skonieczny et al., 2019) is coincident with evidence of a 
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megatsunami on the nearby Cape Verde islands (Ramalho et al., 2015), highlighting 
that 232Th fluxes reconstructed at this core site may be influenced by processes other 
than dust deposition. 
 
Regardless, of their origin, the differences between margin cores represent a barrier 
to obtaining a clear and definitive picture of dust fluxes to the ocean. These African 
margin cores have generally been interpreted as records of aeolian processes, yet 
the disparities between such closely spaced records calls into question the 
interpretation of dominantly dust derived signals at such sites because modelled dust 
flux gradients are generally gradual, unless some atmospheric barrier such as the 
ITCZ acts to rapidly remove dust (Albani et al., 2016; Mahowald et al., 2005).  
Clearly, in order to use sites at ocean margins to reconstruct dust fluxes, additional 
techniques must be used to separate aeolian and hemipelagic or riverine influences 
(e.g. McGee et al., 2013). 
 
The records at the South American margin have been interpreted as representing 
riverine inputs, with the prominent peaks in some records reflecting precipitation 
maxima (Waelbroeck et al., 2018). Some deglacial peaks in the three South 
American margin records are temporally offset by ~2 ka, potentially due to age 
model inconsistencies or the different locations of the cores. The deglacial peaks are 
centred around 11-13 ka, 14-19 ka and 23-26 ka, similar to the peaks at the African 
margin, and coincident with major millennial climate variations (the Younger Dryas, 
HS1 and HS2). The co-occurrence of high 232Th fluxes at both margins of the tropical 
Atlantic during millennial scale climate events indicates that, although different 
processes may have dominated at each margin (i.e. riverine input vs dust), the 
response, in terms of lithogenic flux, to the atmospheric reorganisations occurring at 
these times (McGee et al., 2013; Mulitza et al., 2017) was similar, with the highest 
lithogenic fluxes of the last ~25 ka seen at both margins. It is notable that during 
these periods of rapid and intense climatic change the terrigenous flux component of 
the climate system was also at an extreme.  
 
The highest fluxes recorded in this compilation during the deglaciation occur in core 
GeoB16206-1 (Voigt et al., 2017). Prominent peaks in 232Th fluxes are sometimes 
coincident with 232Th concentrations in the bulk sediment that are approximately 
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twice the crustal average (Taylor and McLennan, 1985; Mulitza et al., 2017; Voigt et 
al., 2017). These high 232Th concentrations may be a result of input of detrital 
material with very enriched 232Th concentrations, for example, from locally enriched 
sediment sources (e.g. Nascimento et al., 2019; Vital et al., 1999), or high particle 
concentration gradients leading to a boundary scavenging regime with respect to 
dissolved 232Th. As the 230Th isotope would also be subject to enhanced scavenging 
in this regime, enhanced 232Th scavenging would have to outweigh this in order to 
give enhanced 232Th fluxes. Estimation of total detrital fluxes using the commonly 
applied crustal 232Th concentration would lead to large overestimates if applied 
during these intervals. 
 
2.4.1.2 South American fluxes in the western tropical Atlantic 
 
In addition to elevated fluxes at ocean margin sites, distal sites even as far as the 
Ceará Rise (>600 km from the margin) show fluxes far above those of other open-
ocean sites (Figure 2.1). Kienast et al. (2016) noted the penetration of terrigenous 
fluxes into this part of the western Atlantic, and as result extended their ‘exclusion’ 
criteria to 600 km at the late-Holocene and 800 km during the LGM in order to 
identify sites only receiving lithogenic material from aeolian deposition. This 
extended exclusion zone removes the Ceará Rise cores from their LGM time-slice, 
but includes them in the late-Holocene. However, the increased temporal resolution 
shown in this study indicates that the records at the Ceará Rise have been 
consistently elevated in comparison to other sites that lie closer to the dust source. 
This result suggests that the criteria used by Kienast et al. (2016) to isolate a late-
Holocene dust-only signal is insufficient. We also observe elevated fluxes similar to 
those on the Ceará Rise well away from the Amazon river mouth or continent (>1400 
km and >500 km respectively; core RC16-66; Bradtmiller et al., 2007), indicating that 
during all of the past ~25 ka much larger areas of the western basin are influenced 
by hemipelagic and/or riverine fluxes than previously thought. These non-aeolian 
inputs are particularly important during the last glacial period and deglaciation but 
also continue into the late-Holocene. This observation fits with the extremely high 




The high flux of lithogenic material from the South American continent to the Ceará 
Rise is a phenomenon that has been documented by previous studies using a 
variety of techniques (Damuth, 1977; François and Bacon, 1991; Hemming et al., 
1998; Rühlemann et al., 2001). Here our compilation of spatially resolved 
quantitative estimates shows that the influence of the South American continental 
margin has been the dominant source of lithogenic sediment in the western tropical 
Atlantic throughout the last ~30 ka, and that the fluxes are greater in magnitude than 
any other open-ocean sites (often >2x as high during the LGM). This evidence 
follows earlier studies that recognised the higher glacial accumulation of lithogenic 
sediments (Damuth, 1977; Rühlemann et al., 2001). However, when compared with 
cores further east, the magnitude of the Holocene 232Th fluxes in this part of the 
ocean suggests that material from the South American continent has dominated 
lithogenic fluxes to this site even at times of high sea-level. Focussing factors 
calculated at the Ceará Rise indicate increased focussing during the LGM (1.1-1.8,  
n=4) compared to the Holocene (0.8-1.0, n=4;	Francois & Bacon, 1991; Rühlemann 
et al., 2001). This potentially suggests a shift from hemipelagic dominated processes 
at the LGM, with laterally advected sediment leading to high focussing factors (as 
previously discussed by Francois & Bacon, 1991 and Rühlemann et al., 2001), to 
sedimentation during the Holocene being dominated by vertically settling sediment 
from above, leading to lower focussing factors. This demonstrates the sensitivity of 
the sedimentation regime to the climate state. In addition, this finding indicates that 
the lithogenic load delivered at the surface by the Amazon freshwater plume can be 
larger than aeolian dust (and any hemipelagic inputs) supplied close to the African 
Margin (e.g. MD03-2705), even at such large distances from the river mouth and 
continental slope. This continuous and significant direct sediment loading should be 
an important consideration for studies that seek to quantify aeolian reconstructions 
or make dust-model to proxy-data comparisons even in locations which are 
apparently far from the continental margins. In the subsequent sections we focus on 
sites which we believe to be dominated by aeolian inputs. 
 
2.4.2 Isolating aeolian-dominated sites 
 
 49 
Cores at latitudes <10oN on or east of the Mid-Atlantic Ridge (shown as yellow and 
blue symbols in Figure 2.1), and those at Latitudes >10oN, on or west of the Mid-
Atlantic Ridge (shown as cyan symbols in Figure 2.1), show fluxes that are 
interpreted as being dominated by aeolian deposition. These sites far from the ocean 
margins have much lower 232Th fluxes than those at the margin sites or the Ceará 
Rise throughout most of the past 30 ka. Those <10oN are also closer to the African 
continent, which is the dominant source of dust to this part of the ocean. That 232Th 
fluxes decrease moving away from the dust source adds confidence to the 
interpretation that these cores represent sites at which lithogenic inputs are 
dominantly aeolian. An African origin for the 232Th in these cores is supported by Pb 
isotopic analysis on cores at the Sierra Leone Rise (Abouchami and Zabel, 2003), as 
well as Nd isotopic evidence, albeit at time-slice resolution (Grousset et al., 1998). 
However,  these techniques are not adequate to entirely rule out 
hemipelagic/resuspended sediment, which likely share the same isotopic 
composition of the source continent. 
 
2.4.3 Latitudinal trends of 232Th flux and the position of the ITCZ 
 
In order to reconstruct the position of the ITCZ through time we follow the approach 
used by previous studies in the tropical Pacific (McGee et al., 2007; Jacobel et al., 
2016). The method assumes that the ITCZ represents a significant barrier to 
atmospheric dust transport and leads to an additional removal flux of dust (due to the 
strong precipitation). This assumption is supported by the strong latitudinal gradients 
in surface ocean dissolved Al and Fe concentrations across the ITCZ (Moore et al., 
2009; Schlosser et al., 2014). We have identified core sites that are dominantly 
influenced by atmospheric deposition of lithogenic material, as opposed to margin-
influenced sites. In addition, we focus on sediment cores from the eastern tropical 
Atlantic that are likely to be sensitive to shifts in the ITCZ and have minimal 
sensitivity to additional factors, such as distance from the dust sources or the 
seasonality of dust deposition (i.e. the distance to the dust source is similar for all the 
cores and all lie in the path of winter dust). These sites receive dust dominantly 
during boreal winter and span a latitudinal gradient across the position of the present 
boreal winter ITCZ. The relatively low total accumulation rates in open-ocean cores 
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preclude us from examining evidence for millennial-scale latitudinal shifts in the ITCZ 
(such as those thought to occur during Heinrich stadials; e.g. Broccoli et al., 2006). 
Instead we focus on assessing evidence for the hypothesised 7o latitudinal shift 
southward of the LGM ITCZ (Arbuszewski et al., 2013), that takes place over a 
timescale of ~20 ka.  
 
A prominent feature of the compiled data is a latitudinal gradient in 232Th fluxes in the 
eastern tropical Atlantic, with higher fluxes in the north (~2.4-7.4oN) and lower fluxes 
in the south (~0.6-3.0oS) This latitudinal gradient persists at the LGM and the late-
Holocene with a north-south reduction in flux of about a factor of 3 (late-Holocene) to 
4 (LGM) (Figures 2.2 and 2.3). The highest 232Th fluxes (at both the late-Holocene 
and LGM) occur at approximately the same latitude as the maximum winter 
precipitation rate. In addition, the highest latitudinal gradient in 232Th is approximately 
coincident with the highest latitudinal gradient in precipitation rate (Figure 2.3). The 
latitudinal gradient in 232Th flux is thus likely due to the position of the ITCZ relative to 
the core sites, which fits well with the boundary between our classification of the 
compiled sites (Figure 2.2) between low 232Th flux sites (dark blue symbols) and 
moderate (yellow symbols) 232Th flux sites.  
 
A similar feature is also revealed by a dust deposition model (Albani et al., 2016), 
which indicates a decrease in dust flux of around a factor of 4.5 (at 21 ka) to 6.5 (at 2 
ka) moving south between about 4oN and 1oN (Figure 2.3). The modelled decrease 
in dust flux is dominated by the decrease in wet-dust deposition over this latitude 
(Albani et al., 2014), implying a dominant role for ITCZ processes in scavenging dust 
from the atmosphere. Although in broad agreement, the modelled dust flux curve 
indicates a decline in values starting slightly further north than do the 232Th flux data. 
As the late -Holocene 232Th flux gradient reconstructs the modern dust deposition 
gradient that is associated with the ITCZ in the present day through a mechanistic 
linkage (Schlosser et al., 2014; van der Does et al., 2020) (Figures 2.2 and 2.3) it 
follows that the presence of the 232Th gradient at the same latitude in the LGM 
implies the presence of the ITCZ, at approximately the same location as the late-
Holocene (in the absence of additional unknown processes that could disturb this 
relationship at the LGM). 
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Interestingly the modelled dust flux shows very little difference between late-
Holocene and LGM times. Using an estimate of 232Th in dust (10-13 µg/g) the 
discrepancy is shown to be mainly due to higher modelled late-Holocene dust fluxes 
(LGM fluxes are similar to 232Th derived estimates). The model shows higher dust 
fluxes than sediment records at the African margin throughout the past ~21 ka 
(Albani et al., 2016). These differences suggests the model is overestimating dust 
fluxes close to Africa and underestimating them at the more distal sites in Figure 2.2 
and 2.3. Some of these discrepancies could be related to the specific grain sizes 
(0.1-10 µm) included within the model estimates (Albani et al., 2016).  
 
Due to the dynamic nature of the upper ocean there is the potential that currents 
transport dust particles once they reach the ocean, leading to a divergence from 
modelled dust deposition patterns and confounding interpretations of 232Th flux 
patterns recorded in sediments. For example, in the tropical Atlantic, zonal currents 
flow east-west around the equator and west-east between 5-10oN at the surface 
(Zhang et al., 2003), while flow directions are often reversed below the surface 
(Brandt et al., 2006) and are lower towards the centre of the North Atlantic Gyre 
(Zhang et al., 2003).    
 
For currents to have a significant impact on our reconstructed north-south gradient in 
dust deposition (i.e. if our reconstructed gradient were an artifact of currents) there 
would need to be a significant northward flowing component of the currents. This 
northern flowing component would redistribute dust particles further north, creating 
the latitudinal gradient in 232Th fluxes that we observe. However, in our study area 
there is no such current (Zhang et al., 2003), and although we cannot rule out a 
change to currents through time, a change from dominantly zonal modern currents to 
dominantly meridional transport at the LGM seems unlikely.  
 
An analysis of the impact of ocean currents can be made by using estimates of 
particle settling velocities and lateral current speeds and calculating time to settle to 
a depth of 100 m. This approach provides an estimate of the residence time of lattice 
bound particulate 232Th in the ocean layer in which lateral transport is likely 
(velocities approach zero by ~200 m; Brandt et al., 2006). Taking a range of settling 
velocities from the literature (2-300 m day-1; Anderson et al., 2016; Fischer & 
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Karakas, 2009) and a current speed of ~15 cm/s (Zhang et al., 2003; Stramma et al., 
2005; Brandt et al., 2006) gives a transport distance of ~4-700 km. Another, perhaps 
more realistic, settling speed estimate for lithogenic dust is derived from an ocean 
model fitted to GEOTRACES data (Lam et al., 2015) gives a settling velocity ~40 m 
day-1 and 26 km transport (using a mix of 80% large particle class, 20% small; Van 
Hulten et al., 2018). A Stokes’ Law settling solution for 12-20 µm particles (V 
Ratmeyer et al., 1999; van der Does et al., 2018a) gives a transport distance of 50-
140 km. In reality these transport distances may be overestimates, due to current 
reversals at depth in the water column (Stramma et al., 2005; Brandt et al., 2006). 
 
Whilst there is considerable uncertainty, most of the approaches imply a potential for 
lateral advection of 10s-100s of km, such that basin scale patterns, especially 
meridional gradients that we deduce here, are probably resilient to changes in ocean 
currents. Evidence from two separate studies using Th-based methods (Anderson et 
al., 2016; Rowland et al., 2017) suggests that even the zonal gradients in dust 
deposition — which ought to be most susceptible to bias by the zonal currents — are 
generally faithful to dust deposition patterns, as both studies reconstruct strong east-
west gradients in 232Th flux across the tropical Atlantic, for seawater, suspended 
particles and core-top sediments.  Of course, the dynamic ocean will have some 
effect on dust deposition patterns compared to atmospheric deposition, and detailed 
ocean circulation modelling studies that include the movement of particles may help 





































Figure 2.2. Upper panel: Position of the modern boreal winter ITCZ indicated by the 
seasonal average (December to February) precipitation rate in the tropical Atlantic 
from January 1998 to February 2019 from the tropical rainfall measuring mission 
(TRMM; Goddard Earth Sciences Data and Information Services Center, GES DISC, 
2011), accessed through the Giovanni online data system, developed and 
maintained by the NASA GES DISC. Precipitation rate is shown by greyscale colour 















Sediment core sites chosen to reconstruct the position of the ITCZ are shown. Lower 
panel: 232Th flux in sediment cores, sites shown in blue lie approximately south of the 
ITCZ during modern boreal winter, those shown in yellow approximately underlie the 































The compiled 232Th flux data support model results that show the maximum southern 
extent of the ITCZ was approximately equal at the late-Holocene and LGM over the 
Atlantic (Singarayer et al., 2017). The model generally highlights expansion and 
contraction of the ITCZ seasonal range on orbital timescales over the ocean, rather 
than large-scale latitudinal shifts of the ITCZ. Our results argue against a potential  
7o latitudinal shift in the LGM ITCZ  (Arbuszewski et al., 2013), as the gradient of 
232Th fluxes between the northern and southern sites of the transect is expected to 
decrease, in relative terms, if the ITCZ dust barrier were removed. Our data are 
consistent with there being no shift in the mean position of the boreal winter ITCZ at 
the LGM (Singarayer et al., 2017), or the position of the winter dust plume emanating 
from the Sahara (Sarnthein et al., 1981; Grousset et al., 1998). One important 
consideration for this interpretation is the potential change in the amount of 
precipitation in the ITCZ during the LGM. If precipitation within the ITCZ were 
reduced, then less efficient scavenging of dust by the ITCZ would be likely, as is 
suggested in the Pacific (McGee et al., 2007). However, this would serve to 
decrease the gradient in dust fluxes, and so the gradient in 232Th fluxes that we do 
construct may be a minimum estimate for the gradient in dust loading that existed at 
the LGM if reduced precipitation occurred at this time (e.g. Collins et al., 2011). 
 
During the deglaciation the latitudinal gradient in 232Th fluxes appears to break down. 
This reduced separation of the 232Th flux values between some sites on the transect 
(Figure 2.2) during the deglaciation would support the notion of a southward shifted 
ITCZ during parts of the deglaciation (Broccoli et al., 2006; Portilho-Ramos et al., 
2017; Singarayer et al., 2017), as would the prominent deglacial flux peaks seen in 
records shown in blue (Figure 2.2). However, this interpretation is sensitive to age 
model uncertainties and the variable expression of bioturbation. For example, whilst 
core VM20-234 (yellow circle, Figure 2.2) is well constrained by four calibrated 14C 
dates between ~12-20 ka, V30-40 (inverted blue triangle, Figure 2.2) is constrained 
by only one uncalibrated bulk 14C date at ~12 ka; both of these sites constrain the 
deglacial flux gradient. As some systematic offset in model ages is plausible, and 
given the steep change in 232Th flux with time, the apparent breakdown of deglacial 
latitudinal gradients may be an artefact of the variable age constraints.   
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The overall picture at the southern edge of the dust plume is one of a persistent 
latitudinal gradient in 232Th fluxes throughout the Holocene (Figure 2.2). Th-232 
fluxes on a latitudinal transect (inset map, Figure 2.3) decrease by a factor of ~5 
from 2.4oN to 3.0oS  during the early to mid-Holocene (5-10 ka; yellow and blue 
diamonds in Figure 2.2). In the mid-Holocene, boreal summer insolation was high, 
and the ITCZ is thought to have expanded northwards during boreal summer, and 
further south during boreal winter (Singarayer et al., 2017). Under these insolation 
conditions, one might expect that the gradient between the northern and southern 
transect sites to be reduced, because the barrier to dust should have been further 
south during boreal winter—the season relevant for dust deposition at these sites. 
One potential explanation for the observed persistence of the 232Th-flux gradient is 
that the ITCZ may have occupied our transect locations for sufficient time on its 
seasonal transit between its geographical extremes, despite reaching higher latitude 
seasonal maxima. This idea is supported by n-alkane proxy data, which point 
towards an expanded rain belt and an increased wet-season length over tropical 
Africa (10oN to 10oS) during the mid-Holocene, compared to the LGM and 
deglaciation (Collins et al., 2011). This implies more time spent by the rain belt 
associated with the ITCZ at the latitudes relevant for our transect. However, given 
that the southernmost position of the ITCZ is usually coincident with the season of 
maximum dust delivery to these sites (i.e. boreal winter), this explanation is not 
entirely satisfactory. Instead, reduced winds at the time (McIntyre et al., 1989; 
Bradtmiller et al., 2016) may have made the dust emission less seasonal than at 
present. Alternatively, the 232Th-flux gradient may have been maintained if the ITCZ 
did not shift far enough from its present position to remove the dust barrier between 
the low 232Th  and moderate 232Th sites (in contradiction with model results; 
Singarayer et al., 2017). Lastly, the efficiency of dust removal associated with the 
ITCZ may have been greater, potentially due to higher rainfall during the mid-






















Figure 2.3. Left panel. The latitudinal gradient in 232Th fluxes at the late-Holocene (0-
5 ka) shown as black dots, and around the LGM (19-26.5 ka) shown as red dots from 
a transect of sites (inset map). Right panel. Modelled dust fluxes for 2 ka (grey dots 
and line) and 21 ka scenarios (red dots and line) for the same transect from Albani et 
al. (2016) are shown. Also plotted is the TRMM average precipitation rate for 
December to February (GES DISC, 2011). The range of latitudes coincident with the 
highest gradient of 232Th flux and with a high gradient in precipitation rate is 
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2.4.4 LGM/late-Holocene 232Th flux ratios 
 
The spatial pattern of dust fluxes revealed by the 232Th compilation shows that there 
is a greater LGM to late-Holocene change in dust fluxes south of ~10oN (Figure 2.4; 
Table S2.2). These sites mainly receive dust that is delivered at lower atmospheric 
levels by the North East trade winds during the boreal winter. By contrast, sites at 
latitudes >10oN far from the African continent likely receive much of their dust load 
during the summer (e.g. Ridley et al., 2012). There is some uncertainty regarding the 
modern dust seasonality for African margin sites >10oN (e.g. GC68, ODP658, MD03-
2705), with sediment traps indicating variable dust flux seasonality, often with a peak 
during boreal winter (Neuer et al., 1997; Volker Ratmeyer et al., 1999; Bory and 
Newton, 2000), and more recent satellite studies indicating summer as the primary 
depositional season (Yu et al., 2015; Yu et al., 2019). The sites <10oN, receiving 
mostly winter dust, show an average change in dust fluxes from LGM to late-
Holocene of a factor of 2.30 ± 0.26 (n = 8, 2SE) , whilst those >10oN show an 
average factor of 1.36 ± 0.25 (n = 11, 2SE) difference. When corrected for 
river/shelf/slope inputs, the factor change in dust at the margin sites of OCE437-3-
GC68 and -GC49 (McGee et al., 2013) agree well with the other sites at >10oN 
across the Atlantic, whilst -GC27 does not. The dominance of non-aeolian inputs, 
high focussing factors and the presence of an active submarine canyon at this site 
may go some way to explaining this disparity (McGee et al., 2013). Core MD03-
2705, although grouped with other margin cores due to its high deglacial fluxes, is 
included because during the two time-slices considered in Figure 2.4, average 232Th 
fluxes in the core are only ~75% (late Holocene) and 22% higher (LGM) than a more 
distal open-ocean aeolian site (S0065-GVY001), suggesting any potential non-dust 
inputs during these time periods are minimal (the higher late Holocene flux is likely 
due to the more recent core-top of MD03-2705).  One notable exception to the 
latitudinal trend is a site in the Bahamas (Williams et al., 2016) that shows a factor of 
~1.9 difference between the LGM and late-Holocene 232Th fluxes. However, the LGM 
fluxes at this site are higher than (though within error of) 232Th fluxes (normalised to 
3He) some 3000 km closer to the dust source (Middleton et al., 2018), implying 
additional input of 232Th from either the proximal continent during the low sea-level of 
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the LGM, (something that Williams et al. could not rule out based on their trace 
element provenance analysis), or perhaps from dust sources in North America 
 
Our analysis of LGM to late-Holocene flux changes at sites <10oN reveals a notable 
contrast to the view that precessionally forced changes in the monsoon system over 
Africa control dust emissions, (based on observations from core MD03-2705; 
Skonieczny et al., 2019), rather than larger glacial-interglacial drivers seen 
elsewhere (Winckler et al., 2008; Kienast et al., 2016). This discrepancy highlights 
the outstanding question: are differences in relative LGM to late-Holocene 232Th flux 
changes with latitude the result of real differences in the seasonal emission, 
transport and deposition of dust, or are they an artefact of the sampling sites? 
 
The main artefact associated with these open-ocean records is the potential that 
bioturbation may affect the estimates of LGM to late-Holocene change presented in 
Figure 2.4. Large deglacial peaks in dust deposition may have been present (as 
indicated by margin records) but could have been smoothed down-core, thus 
potentially artificially elevating LGM 232Th fluxes (Middleton et al., 2018). However, 
bioturbation alone cannot easily explain the differences in LGM to late-Holocene 
232Th flux change with latitude that we find in this compilation. Open-ocean sites are 
all likely affected by bioturbation, yet show different LGM to late-Holocene relative 
flux changes. For example, cores KN207-2-GGC3 and -GGC6 (LGM/late Holocene 
232Th flux ~1.2; Middleton et al., 2018) may be more susceptible to bioturbation than 
cores GVY006-S0065 and VM20-234 (LGM/late Holocene 232Th flux ~2.1-2.3; Ng et 
al., 2018; Williams et al., 2016) as the former have similar or lower sedimentation 
rates during the Holocene and deglaciation. Yet the latter two cores still show higher 
flux ratios. In addition, the quickly accumulating margin sites of McGee et al. (2013) 
(corrected for non-dust inputs) are likely to be less sensitive to bioturbation as they 
have sedimentation rates up to an order of magnitude greater than those in the open 
ocean (e.g. OCE-437-7-GC68 and -GC49 vs KN207-2-GGC3 and -GGC6), yet the 
LGM/late Holocene flux change at the margin is consistent with the open-ocean 
records at >10oN. Of course other factors than sedimentation rate may control the 
impact of bioturbation at each core site, but the similarity of flux ratio patterns across 
multiple sites with sedimentation rates that vary so greatly suggests the signal may 
not be not an artefact. Similarly when modelling the effects of bioturbation on an 
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idealised dust curve representative of African margin cores, Middleton et al. (2018) 
could not explain all of the differences between the margin records and their fluxes, 
notably the relative magnitude of flux changes, lending support to the interpretation 
that differences between cores in this compilation may not be explained by 
bioturbation alone. 
 
Assuming that the latitudinal differences in relative LGM to late-Holocene 232Th flux 
change are accurately reflecting past dust inputs, then they require a physical 
explanation. Whilst the latitudinal variation in relative flux changes was noted by 
Williams et al. (2016), they suggested it may be the result of a southward shift in the 
ITCZ at the LGM, which we have ruled out. The transport efficiency of dust at the 
LGM may have varied with latitude due to differing impacts of wet and dry deposition 
with latitude. Generally, theory would predict a reduction in tropical LGM precipitation 
(McGee, 2020), and this would be expected to decrease the dust flux at the sites 
<10oN that are dominated by wet deposition (as modelled by Albani et al., 2014; 
Figure S2.2), meaning that the flux ratios <10oN would actually be biased low 
compared to a scenario of constant rainfall. In actual fact the model results from 
Albani et al. indicate a slightly higher proportion of wet deposition at some of the 
sites <10oN during the LGM (e.g. GVY001-S0065 and VM20-234) compared to the 
modern, which could contribute to the higher LGM fluxes at these sites. However, 
the modelled changes are only ~10% (Figure S2.2), and many sites do not show any 
significant shift in wet deposition. Changes in LGM rainfall would have much less 
effect at sites at the African margin where dry deposition is generally >80% of the 
dust flux (Albani et al., 2014). For the sites >10oN and >40oW wet deposition was 
probably >50% at the LGM (Albani et al., 2014; Figure S2.2), but as the dust 
transport pathway from Africa is dominated by dry deposition and is at high 
atmospheric levels (Yu et al., 2019) it is unlikely that these distal sites would be 
much affected by changes to scavenging of dust by rainfall. Given these patterns of 
dust deposition type (i.e. wet vs dry), it seems unlikely that changes in dust 
scavenging by rainfall can explain all of the systematic pattern of flux ratios that we 
observe.  
 
The latitudinal divide in flux ratios may be linked to the seasonality of dust emission 
and deposition at the LGM because the seasonal emission and deposition of dust 
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also has a clear variation with latitude (e.g. H. Yu et al., 2019).  The different wind 
systems and atmospheric features present during each season may have different 
sensitivities to LGM climate changes. Previous authors have inferred increases in 
glacial trade wind strength (delivering winter dust), and decreases in zonal wind 
speeds (delivering summer dust) (Sarnthein et al., 1981), which may go some way to 
explaining the latitudinal gradient in the LGM/late Holocene 232Th flux ratios. 
 
Lower-level dust emitted during the winter and carried by the north east trade winds 
may be quite sensitive to glacial increases in wind gusts and trade wind strength 
(McGee et al., 2010a), as well as to glacial increases in key local wind systems, such 
as the Bodélé low-level jet (Washington et al., 2006); this fits with the increased 
LGM/late Holocene fluxes at sites <10oN. On the other hand, the thicker atmospheric 
boundary layer important for lofting dust to higher atmospheric levels during the 
summer (Engelstaeder and Washington, 2007a; Ben-Ami et al., 2009; Schepanski et 
al., 2009a) would presumably have been affected by the slightly lower summer 
insolation at the LGM (Laskar et al., 2004) and generally lower temperatures (Peters 
and Tetzlaff, 1990). In combination with this, a reduction in the wind systems that 
transport summer dust is also possible at the LGM. The AEJ is dependent on the 
existence of the meridional temperature gradient between the equator and Sahara, 
which is the reverse of typical meridional gradients. This temperature gradient exists, 
in part, due to the soil moisture gradient from the equator to the latitude of the 
Sahara (Cook, 1999), upon which, among other factors such as vegetation cover, 
the existence of the AEJ depends (Cook, 1999; Wu et al., 2009). Given modelled 
reductions in the meridional soil moisture gradient at the LGM (Scheff et al., 2017), 
the AEJ may well have been weakened at the LGM. Peters & Tetzlaff (1990) 
modelled the strength of the AEJ at the LGM and concluded that it was reduced to 
65% of its modern strength. Sarnthein et al. (1981) used grain size analysis of 
sediments to argue for easterly wind speeds in the Saharan Air Layer (that 
approximately encompasses the AEJ; Prospero & Carlson, 1980) that are reduced to 
~60% of their modern values.  
 
In addition to wind strength the aridity of dust source areas has a potentially key 
control on dust emission (McGee et al., 2010a). Although difficult to reconstruct, 
there is some evidence from proxies and models that different parts of north Africa 
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experienced different changes in soil moisture at the LGM (Scheff et al., 2017; 
McGee, 2020). The equatorial regions may have had reduced soil moisture at the 
LGM, with regions further north and northwest showing either little change or 
potentially showing slightly higher soil moisture and higher moisture availability in 
lakes (Scheff et al., 2017; McGee, 2020). It is thus plausible that differential changes 
in dust source surface properties may account for some of the differences in the 
spatial pattern of LGM/late Holocene flux ratios.  
 
In summary, for certain dust sources during the summer the effect of increased LGM 
surface winds may have been lessened by a modulation of other key processes 
responsible for the emission (soil moisture), lofting (insolation/temperature) and 
transport (AEJ strength) of this dust. These combined processes may go some way 
to explaining the lower LGM/late Holocene flux ratios >10oN which may be 
influenced mainly by summer dust (especially at sites far from the African coast). In 
contrast, those sites <10oN and dominated by winter low-level dust would be more 
sensitive to the increased low-level winds (Sarnthein et al., 1981; Washington et al., 
2006) and reduced soil moisture (Scheff et al., 2017) closer to key winter dust 
sources such as the Bodélé depression (Prospero et al., 2002; Engelstaeder et al., 







































Figure 2.4. The ratio of LGM (19 to 26.5 ka) to late-Holocene (0 to 5 ka) 232Th flux for 
sites representative of aeolian terrigenous inputs, shown by a colour scale. Ratios 
from three African margin sites of McGee et al. (2013) are calculated using the 
estimated aeolian flux from that study, rather than bulk 232Th flux. Upper panel 
contours indicate mean December to February 555 nm aerosol optical depth from 
the multi-angle imaging spectroradiometer for the time period December 2000 to 
February 2017, using the MIL3MAE version 4 data product (Diner, 2009), and 
accessed through the Giovanni online data system. Lower panel contours are TRMM 
December-February precipitation rate (mm/month), the same as the upper panel of 
Figure 2.2.  
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2.5 Conclusions and outlook 
 
We have compiled existing U and Th data from marine sediment cores to calculate 
230Th-normalised 232Th fluxes in order to investigate changes in terrestrial fluxes in 
the low-latitude Atlantic throughout the past 25 ka. Our compilation has confirmed 
continental margins as settings with sediment fluxes that are orders of magnitude 
higher than at open-ocean sites. Additionally we have confirmed that cores on the 
Ceará Rise are dominantly influenced by sediments from the South American margin 
and the Amazon, and should be excluded from comparisons of dust model output 
with proxy data for the entire time period from the LGM to the late-Holocene. Our 
spatially resolved compilation allows us to place approximate bounds on the extent 
of this margin influence, critically highlighting that sites that are relatively far from the 
margin and from major rivers can still be dominated by margin processes. Those 
sites near the African continental margin show higher amplitude and frequency 
variations not seen in open-ocean aeolian-dominated records. This contrast is likely 
the result of the differential effect of bioturbation and potentially localised 
shelf/riverine inputs. We have used gradients of late-Holocene and LGM 232Th fluxes 
to test a hypothesis suggesting that the LGM ITCZ was situated several degrees of 
latitude further south than at present. The strong meridional gradient in LGM 232Th 
flux in our compilation at a similar latitude as during the Holocene indicates little 
change in the position of the LGM ITCZ over the low-latitude Atlantic at this time, in 
line with a recent modelling study (Singarayer et al., 2017). The relative change in 
232Th flux between the LGM and late Holocene has an apparent latitudinal gradient, 
with sites <10oN showing an average LGM/late-Holocene flux ratio of 2.3 ± 0.26 (n = 
11, 2SE) whilst those >10oN have an average of 1.5 ± 0.23 (n = 6, 2SE). The effects 
of bioturbation notwithstanding, this gradient is potentially linked to the seasonality of 
dust deposition, with sites dominated by winter season dust showing the higher 
degree of change. This pattern may be explained by some combination of 
strengthened trade winds, reductions in higher level wind strength (AEJ) during the 




Despite our efforts to compile existing data there still remain areas with poor spatial 
coverage, notably north of 10oN, under the summer dust plume. Sampling 
campaigns to cover these areas would help to add constraints on the northern edge 
of the dust plume and boreal summer ITCZ. The extent to which margin processes 
affect open-ocean records remains an outstanding question, though we have 
demonstrated that these processes cannot be neglected even at distances of 
hundreds of kilometres. Increased application of provenance tracers to sediment 
records will help to distinguish between some sources of terrigenous material. 
However, quantifying shelf/slope inputs will require the application of techniques 
such as grain-size analysis (McGee et al., 2013), and potentially more novel and 
challenging approaches such as compound specific 14C dating of terrestrially derived 
biomarkers (e.g. Eglinton et al., 2002).  
 
The potential impact of changes in dust flux on biological productivity to this part of 
the ocean over glacial timescales remains to be investigated. It is notable that LGM 
to Holocene opal-based records of productivity at <10oN  in the tropical Atlantic 
indicate enhanced glacial productivity (Bradtmiller et al., 2007; Ng et al., 2018), with 
one open ocean record >10oN showing decreased productivity (GVY014-S0172; Ng 
et al., 2018) and African margin records >10oN variably showing increased, 
decreased or similar productivity (Lippold et al., 2012b; Meckler et al., 2013; 
Bradtmiller et al., 2016). How far these shifts in productivity link to the patterns of 
LGM/late Holocene 232Th flux changes is not yet clear. Certain important 
phytoplankton groups such as nitrogen fixers (i.e. diazotrophs), may be particularly 
sensitive to the supply ratio of Fe:N (Ward et al., 2013) and/or the availability of 
phosphorus (Marconi et al., 2017), both of which may be altered by dust deposition 
(Hudson-Edwards et al., 2014; Jickells and Moore, 2015). These nitrogen fixers may 
be responsible for a significant portion of glacial-interglacial CO2 changes (Buchanan 
et al., 2019). Future studies of #15N (e.g. Straub et al., 2013) combined with existing 
records of productivity and our spatially and temporally resolved compilation of 
aeolian 232Th fluxes may shed light on the potential links between dust fluxes, 
nitrogen fixation and export productivity since the LGM. The variation of LGM to late-
Holocene flux ratios with latitude may also lead to differential impacts on carbon 
export through the ballasting effect of dust (e.g. Pabortsava et al., 2017). Our 
compilation shows that care must be taken not to interpret links between aeolian 
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fluxes and biological productivity at sites where the terrigenous component is not 
dominantly aeolian, such as close to ocean margins, and that these sites may be 

































2.6 Supplementary material 
 
 
Figure S2.1. Compiled detrital U/Th ratios used for correcting measured 230Th 
activities for detrital 230Th (where given by original studies). Systematic bias of fluxes 
between nearby cores that use different U/Th ratios is most likely in areas with high 











Figure S2.2. Modelled wet dust deposition as a proportion of total dust deposition at 
the year 2000 AD (top panel) and the LGM (bottom panel) (Albani et al., 2014). 
Contours indicating dominantly dry deposition are dashed whilst those showing wet 
deposition as dominant are solid. The thick solid contour indicates an equal 
proportion of wet and dry deposition. Diamonds indicate the position of sediment 







Albani et al. (2014) C4fn 
Albani et al. (2014) C4fn-lgm
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3 Chapter 3:  
Normal alkanes in tropical Atlantic 
sediments: tracing terrigenous 
provenance and environmental change 
since the last glacial maximum 
Abstract 
 
Terrigenous flux records in the tropical Atlantic show that material enters the ocean 
by aeolian, riverine and resuspended transport. In order to accurately assess the 
relative contributions of each source a method of tracking terrigenous provenance is 
needed. Here I analyse the carbon isotopic composition (δ13C) of terrestrial plant-
derived normal alkanes (n-alkanes) in open-ocean tropical Atlantic sediments. I use 
the large difference in photosynthetic pathway of South American and North African 
vegetation as a means of fingerprinting each region. The δ13C signals indicate that 
African dust inputs have dominated at three core sites spanning the tropical Atlantic 
since the LGM. Temporal trends in new open-ocean and compiled African margin 
δ13C data indicate that there has been a subtle relative increase in C3 vegetation 
close to dust sources since the LGM. To further examine the use of n-alkanes as a 
terrigenous proxy I combine n-alkane concentrations with pre-existing 232Th/230Th 
data. N-alkane fluxes capture qualitatively similar trends to 232Th fluxes across the 
tropical Atlantic. However, analysis of the ratio of n-alkane/232Th shows distinct 
temporal and spatial variability in the behaviour of the two terrigenous proxies. N-
alkanes decrease more rapidly than 232Th moving west across the tropical Atlantic. 
Additionally, rapid changes in the n-alkane/232Th ratio at ocean margins can be 
linked to rapid hydroclimate changes over the continents, and more gradual glacial-
interglacial changes elsewhere. N-alkane/232Th data allow for an investigation of 
changing conditions in terrigenous source regions and may be used to monitor 
changes in terrigenous provenance through time. 
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3.1 Introduction to organic geochemistry 
 
The concept of an organic chemical fossil (or biomarker) that can record information 
about past conditions on Earth was first established by Treibs (1936) and has been 
exploited using a vast range of compound classes (reviewed by Grice and 
Eiserbeck, 2014). Some of the early compounds to be recognised as potential 
biomarkers—although considered initially in live plants as a taxonomic tool—were 
the comparatively chemically simple normal alkanes, or n-alkanes (Eglinton et al., 
1962). These compounds had been previously identified in a range of sedimentary 
environments (Bray and Evans, 1961), and it was not long before the link between 
the sedimentary record of n-alkanes and their origins in terrestrial plants was 
suggested (Clark and Blumer, 1967). These compounds are produced by terrestrial 
plants with a characteristic distribution pattern (Eglinton and Hamilton, 1967), and 
thus potentially offer a record of terrestrial vegetation—and therefore climatic 
conditions—through time, when occurring in sedimentary archives. 
 
Terrestrial plants produce a range of long-chain aliphatic compounds (waxes) with 
different functional groups—generally with carbon chains ranging from > 21 to < 35 
(Eglinton and Hamilton, 1967). The long-chain compounds comprise homologous 
series that form crystals of wax on the exterior surface of the plant, called 
epicuticular wax (Eglinton and Hamilton, 1967). The compounds occur in various 
parts of the plant, including leaves, flowers and stems (e.g. Rommerskirchen et al., 
2006). The epicuticular wax is involved in several functions, including regulating 
water loss and providing a degree of protection from radiation and microbes 
(references within Kunst and Samuels, 2003). The waxes are a mixture of n-alkanes, 
n-alcohols, ketones, carboxylic acids (sometimes termed fatty acids) and esters 
(Eglinton and Hamilton, 1967). These compounds have a variable contribution to the 
total wax pool in different species (Eglinton and Hamilton, 1967). A set of 34 species 
of grasses examined by Tulloch (1981) showed that the dominant constituents were 
variable between species, with the n-alkane proportions, for example, ranging 
between 2-50% (with alcohols, esters and free carboxylic acids being the other 
dominant constituents). The n-alkanes tend to be produced with a strong 
predominance of odd carbon-numbered compounds over even carbon-numbered 
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compounds (often termed an Odd-Over-even Predominance or OEP; 
Rommerskirchen et al., 2006; Vogts et al., 2009). This OEP results from the different 
biosynthetic pathways for the odd and even carbon-numbered alkanes (Zhou et al., 
2010), which also imparts a different isotopic signature to the odd vs even carbon-
numbered alkanes. The odd carbon-numbered n-alkanes of chain length x are 
synthesised by the decarboxylation of even carbon-numbered carboxylic acids of 
chain length x+1. This OEP is often used as a diagnostic marker that a set of n-
alkanes is derived from plants.  
 
3.1.1 Introduction to geochemical indices 
 
The carbon preference index (CPI) is commonly used to characterise n-alkane OEP. 
CPI is a measure of the average abundance ratio of odd carbon-numbered n-
alkanes to even carbon-numbered alkanes, and is taken to be indicative of terrestrial 
plant material if >2 (Bush and McInerney, 2013). Although CPI for some plants is 
much greater than 2, even single families of plants show large variations in CPI (e.g. 
African grasses ~15 ±11, 2SD; Bush and McInerney, 2013). Diagenetically and 
thermally degraded n-alkanes have lower CPIs, eventually reaching 1 (Freeman and 
Pancost, 2014, and references therein). However, evidence of CPI ~2 from 
Palaeozoic rocks, suggests this metric is an imperfect marker of freshly derived 
higher plant material (Hefter et al., 2017). In the context of this study, a CPI <2 could 
indicate dilution of terrestrial plant-derived n-alkanes with alkanes from a different 
source with a lower odd predominance, e.g. hydrocarbon pollution (Farrington and 
Tripp, 1977) or microbial production/degradation (Li et al., 2018). Although originally 
defined slightly differently (Bray and Evans, 1961), here I will use the formulation of 
Marzi et al. (1993) to define CPI as:  
 
CPI= 12 *
∑ C23-31odd 	+	 ∑ C25-33odd
∑ C24-32even
5  Equation 3.1 
Where the subscripts odd and even indicate a summation of only the odd or even 
carbon-numbered alkanes within the given range. The vast range of CPI values 
within individual plant groups is so large (graminoids <1 to >60; Bush and 
McInerney, 2013) that recent studies have cautioned against the use of CPI for 
tracing contributions to sedimentary n-alkanes from different groups (Bush and 
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McInerney, 2013). However, it is worth considering that as well as degradation or 
inputs of ancient material, changes in sedimentary CPI could be the result of 
changing species contributions. 
 
Another index of n-alkane distributions is the average chain length (ACL). This is the 
abundance-weighted average of the number of carbon atoms in a series of n-alkyl 
lipids, and therefore helps to characterise the distribution of compounds in the series 
(Freeman and Pancost, 2014).  In this work the ACL is applied between carbon 
chain lengths C25-C33: 
 
6789:;<< = ∑ =[?@][?@]
<<
=B9:   Equation 3.2 
 
The numbers refer to the carbon chain lengths of the odd numbered n-alkanes to be 
summed. The [CC] indicates n-alkane concentration for chain length C. The findings of 
Bush and McInerney (2013) suggest that the large variation in n-alkane distribution 
within groups of taxa precludes the use of alkane chain length distributions to 
distinguish between groups (e.g. grasses vs woody plants). As a result the ACL is 
presented here as a generic descriptive parameter for the ease of comparison to 
literature data, with the idea that one might expect samples from similar locations 
and of similar ages to show a similar range of ACL values.  
 
3.1.2 The C3 and C4 photosynthetic pathways 
 
In addition to the distributions of certain compounds, the stable carbon isotopic 
composition (δ13C) of leaf waxes is also useful in determining past vegetation and 
climatic variations. Leaf wax δ13C is a function of the photosynthetic pathway used 
by the plant and thus can be used to distinguish between the two main pathways by 
which CO2 is fixed. The oldest photosynthetic pathway, operating for billions of years 
(Sage, 2004; Osborne and Beerling, 2006), is the C3 pathway, in which CO2 diffuses 
into a cell through stomata and is fixed by the enzyme Rubisco. The catalysis of 
carbon fixation by Rubisco imparts a major kinetic isotopic fractionation (negative 20 
to 30 ‰, a preference for the lighter isotope) between atmospheric CO2 and fixed 
CO2 (Farquhar et al.,1989). For plants using this CO2 fixation pathway, the degree of 
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isotopic fractionation is dependent on the internal concentration of CO2 in the cell 
compared to the ambient concentration of CO2 (Farquhar et al., 1989). This may be 
affected by environmental and ecological factors which determine the amount of CO2 
passing through stomata, and also by the ambient CO2 concentration of the 
atmosphere (Schubert and Jahren, 2012).  
 
The other CO2 fixation pathway, termed ‘C4’, is really a group of related pathways 
(Sage, 2004). These C4 pathways seem to have originated in the grass family, >25 
Myr, evolving from the C3 pathway numerous times, independently, using existing 
enzymes (Sage, 2004; Osborne and Beerling, 2006). In the C4 pathway CO2 is fixed 
by Rubisco at the ‘end’ of the process. However, CO2 is first fixed by specialised 
enzymes in a mesophyll cell, which then supplies a sheath cell, increasing the 
concentration of CO2 to which Rubisco is exposed (Osborne and Beerling, 2006), 
reducing the isotopic fractionation. The fixation of HCO3- by an enzyme 
(phosphoenolpyruvate carboxylase, PEPc) (Sage, 2004; Osborne and Beerling, 
2006), is associated with a ~6 ‰ fractionation (with a preference for the heavier 
isotope; Farquhar et al., 1989). The release of CO2 within a specialised sheath cell 
(Sage, 2004), by the decarboxylation of a 4 carbon carboxylic acid (hence C4) 
imparts no isotopic fractionation. Thus, the isotopic fractionation in C4 plants is set 
by the balance of the initial carbon fixation by PEPc and the kinetic discrimination of 
Rubisco: this fractionation is therefore smaller than for C3 plants (Farquhar et al., 
1989).  
 
The preconcentration of CO2 allows C4 plants to use light and water more efficiently 
at low CO2 concentrations and higher temperatures than C3 plants, because 
Rubisco is inherently inefficient under these conditions (Osborne and Beerling, 
2006). However, the C4 pathways are more costly in terms of energy, and so tend to 
only be more efficient above a certain temperature and CO2 concentration (Osborne 
and Beerling, 2006). A third type of drought resistant plants, called CAM 
(crassulacean acid metabolism) exhibit features of both C3 and C4 photosynthesis; 
their CO2 fixation varies on a diurnal cycle, with isotopic compositions reflecting the 
mechanism by which carbon is fixed (O’leary, 1981). 
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Following carbon fixation, the biosynthesis of waxes imparts further depletion of 13C 
(Chikaraishi et al., 2004). The degree of isotopic fractionation of lipids compared to 
bulk leaf tissue depends on the plant type. The C29 n-alkane in C3 plants is typically 
fractionated by approximately 0 to -10 ‰, whilst in C4 grasses it is fractionated by 
approximately -6 to -14 ‰ (Diefendorf and Freimuth, 2017). Thus the disparate 
isotopic signature of C3 and C4 plants is transferred to wax lipids, which are then 
preserved in sediments and rocks. Various studies have argued that the stable 
carbon isotopic composition of n-alkanes in aeolian dust and marine sediments may 
reflect the type of vegetation (phytogeography) and the climate of the 
contemporaneous terrestrial dust source areas (Huang et al., 2000; Schefuß et al., 
2003; Rommerskirchen et al., 2003; Vogts et al., 2012; Schreuder et al., 2018). A 
prevailing view, at least for shorter range transport, is that n-alkanes are entrained in 
dust by their ablation from leaf surfaces (Schefuß et al., 2003), although the direct 
entrainment of ‘fossil’ n-alkanes from soils is also a likely pathway (Huang et al., 
2000). Because they are relatively stable compounds, n-alkanes of various ages 
may be ablated from soils. Indeed, Huang et al. (2000) note the probability that dried 
out lake-beds (and their surroundings) of mid-Holocene age likely contribute to the n-
alkane inventory of modern aeolian dust. Dating of n-alkanes and n-alcohols 
indicates that the components are likely derived from a mixture of contemporary and 
fossil sources, with at least some component on the order of several thousand years 
old (Eglinton et al., 1997; Eglinton et al., 2002).  
3.2 Aims and context  
 
The aim of this chapter is to determine variations in the flux of n-alkanes, and their 
supply relative to inorganic material, in the tropical Atlantic, since the LGM. The 
provenance of terrigenous fluxes and the vegetation types around dust source areas 
will then be investigated. To do this I combine new measurements of n-alkanes in 
three open-ocean sediment cores with existing inorganic dust proxy data in two of 
the cores (Ng et al., 2018).  Coupling the organic (n-alkane) and inorganic (232Th) 
tracers of dust allows the links between climate, vegetation and terrigenous fluxes to 
be investigated. In the following section the context and detail for the different 
objectives is set out. 
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3.2.1 Assessing n-alkanes as a terrigenous proxy using thorium isotopes 
 
In this study I use three new open ocean sediment core n-alkane records to 
investigate the supply of terrigenous material to the tropical Atlantic. By combining 
new n-alkane measurements with existing 230Th data I will estimate the flux of these 
compounds to the remote tropical Atlantic, providing a comparison to pre-existing 
margin records that likely integrate riverine and dust signals. The new data integrate 
signals over a longer timescale compared to pre-existing sediment-trap data in the 
tropical Atlantic (Schreuder et al., 2018), and so will help to quantify the average 
modern spatial pattern of n-alkane flux in the tropical Atlantic. A similar approach 
(230Th-normalised n-alkane fluxes) has been taken in the Pacific and the Pacific 
sector of the Southern Ocean, thus the new data from a comparatively high 
terrigenous flux region will add information about the use of n-alkanes as a 
terrigenous proxy globally. Using existing 230Th data I will extend the records of 
topical Atlantic n-alkane fluxes back to the last glacial maximum (LGM), adding to 
knowledge of the spatial pattern of n-alkane flux through time.  
 
Despite being applied as a dust proxy by previous studies investigating past climates 
(Martínez-Garcia et al., 2009; Martínez-Garcia et al., 2011; Lamy et al., 2014; 
Jaeschke et al., 2017), it is still unclear what determines the concentration of alkanes 
on dust particles. Theories regarding abrasion, soil deflation and riverine transport 
have all been suggested, but as yet remain largely untested (Simoneit et al., 1988; 
Eglinton et al., 2002; Schefuß et al., 2003; Zhao et al., 2003). The most informative 
finding regarding the transport of alkanes in dust is that the sedimentary pool of 
these lipids (and similar classes of plant-derived lipids) undoubtedly has an old (i.e. 
potentially thousands of years) component (Eglinton et al., 1997; Eglinton et al., 
2002), as is also likely true for riverine input (Smittenberg et al., 2004). Raising the 
possibility that n-alkanes are older than the sediments in which they are preserved. 
 
Some previous studies that apply n-alkanes as a dust proxy also have 
measurements of the lithogenic isotope 232Th (Martínez-Garcia et al., 2009; 
Martínez-Garcia et al., 2011; Lamy et al., 2014), a common inorganic terrigenous 
proxy (e.g. McGee et al., 2016). Normalising n-alkanes to 232Th allows the supply of 
n-alkanes with respect to 232Th to be determined. In this study I combine new and 
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existing records of n-alkanes and 232Th in the tropical Atlantic, calculating n-
alkane/232Th ratios to investigate how climate changes since the LGM have affected 
the supply of n-alkanes relative to inorganic material (232Th). Additional records of n-
alkane/232Th spanning Pleistocene glacial cycles are compiled from the Southern 
Ocean as a comparison to the tropical sites. This comparison yields information 
about the time-scales on which the ratio varies (glacial-interglacial vs. millennial) and 
how this relates to climate, conditions in the source areas and with space across the 
globe. As most of the n-alkane and 232Th data have not been obtained on the same 
sediment samples I have linearly interpolated 232Th concentrations using sediment 
core depth or published age models to estimate the ratios.  
 
3.2.2 Tracing terrigenous provenance 
 
Chapter 2 demonstrates the influence of two large sources of terrestrial material on 
the tropical Atlantic: North African dust and South American riverine material (i.e. the 
Amazon river). The importance of each of these sources is particularly apparent near 
the continental margins; however, the influence can extend far beyond the margins 
and South American inputs reach far into the West Atlantic basin. Understanding the 
spatial reach of these sources of terrestrial material to the ocean is important to 
ensure accurate interpretation of geochemical signals in sediment cores or seawater, 
and for constraining elemental budgets and fluxes (e.g. the GEOTRACES 
programme). Many of the elemental budgets are critical to understanding controls on 
oceanic primary production which is often limited in remote parts of the ocean by the 
lack of macro- and/or micronutrients (Moore et al., 2013). For example, in the tropical 
North Atlantic primary productivity is currently limited by the supply of NO3-, followed 
by PO43- (Moore et al., 2013). Addition of Fe may also impact the productivity of 
diazotrophs in the tropical Atlantic (Moore et al., 2013; Pabortsava et al., 2017) . This 
situation means that the amount of primary production is potentially sensitive to 
changes in the incoming flux of nutrients.  
 
To determine the influence of terrigenous inputs, including fluxes of nutrients to the 
ocean, the importance (i.e. magnitude) and spatial extent of the sources of this 
material must first be well constrained. There is need, therefore, to add additional 
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constraints to the spatial extent of terrigenous inputs from each continent beyond 
those provided by the magnitude of 232Th fluxes in Chapter 2. One method by which 
to approach this problem is using geochemical markers as a provenance tracer, to 
distinguish between sources of terrigenous material.  
 
3.2.2.1 Inorganic tracers of provenance 
 
Early approaches used clay mineralogy to determine terrigenous provenance 
(Biscaye, 1965). This approach identifies large regions of the ocean dominated by 
certain minerals, and general latitudinal trends can be seen, linking to the weathering 
regimes on the adjacent continents. More recently, radiogenic isotopes in marine 
and river sediments as well as soils and aerosols have been applied as provenance 
tracers (Grousset et al., 1998; Abouchami and Zabel, 2003; Zhang et al., 2015; 
Kumar et al., 2018). However, the difficulty with this method is that sources are not 
always easily constrained and that the isotopic space occupied by the various 
potential sources can overlap (cf Nd and Sr isotopes in Zhang et al., 2015, and van 
der Does et al., 2018), such that attributing any individual source can be difficult. In 
addition, for marine samples, authigenic components such as Fe-Mn oxides must be 
first removed by leaching or other techniques to ensure that a detrital isotopic signal 
is obtained (Grousset and Biscaye, 2005; Chavagnac et al., 2007). Some isotopic 
systems are also subject to anthropogenic contamination (Abouchami et al., 2013), 
and variation of isotopic ratio with grain-size may also be an important factor (Meyer 
et al., 2011).  Furthermore, some isotopic systems are influenced by climatic 
changes (e.g. changes in weathering regime), so that the end-member composition 
of the sources may not be fixed through time (Cole et al., 2009). The combination of 
these different processes can present a significant hurdle when interpreting 
radiogenic isotopic signals in marine sediments. 
 
3.2.2.2 An organic provenance tracer: δ13C of n-alkanes 
 
An alternative to inorganic tracers is to use the isotopic composition of terrestrial 
organic matter, which may come from C3- or C4-plant dominated ecosystems. The 
δ13C of long chain n-alkanes could provide a useful provenance tracing tool. For 
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example, the relatively arid parts of North Africa from which dust emissions are 
derived (or are proximal to) host dominantly grasslands, moving to mixed grasslands 
and shrubs, with more wooded vegetation with decreasing latitude (Prospero et al., 
2002; Mayaux et al., 2004). This vegetation distribution is also highlighted by a 
satellite-data informed vegetation model distribution (Figure 3.1; Still et al., 2009). 
Bocksberger et al. (2016) make an assessment of the grass species in North West 
Africa by investigating the three most abundant grass clades. Species from the clade 
Andropogoneae which utilise the C4 pathway dominate the grasses in the Sudanian 
Savanna (between ~7-13oN). Species from the Paniceae clade (using both C3 and 
C4 pathways) become more abundant at the border of Sudanian and Sahelian 
Savanna (~13-17oN) and also towards the more heavily wooded coast (5-7oN). 
Further north into the Sahelian savanna and Sahara, species from the C4 utilising 
Chloridoideae clade are dominant (Bocksberger et al., 2016). Evan et al. (2015) 
show that modern dust is not generally emitted at <12oN; thus, some of the most 
prevalent modern dust source areas (e.g. the Bodélé depression, PSA5, Figure 3.1) 
are situated closest to the zone likely dominated by Chloridoideae C4 grasses 
(Bocksberger et al., 2016).  
 
Thus, dust emanating close to or from these types of vegetation zones would be 
expected to largely reflect C4 plant input. For example, studies use δ13C of n-
alkanes in surface sediments and aerosols off North West Africa calculate ~50-60% 
contribution of C4 plants at the modern day (Huang et al., 2000; Schefuß et al., 
2003). This high proportion of C4 plants contrasts strongly with the vegetation in 
tropical South America surrounding the Amazon river (the other large source of 
terrestrial material to the tropical Atlantic). This Amazonian vegetation is dominated 
by humid forests (i.e. trees; Eva et al., 2004) which use the C3 photosynthetic 
pathway (Sage, 2001). The δ13C of n-alkanes in Amazon river-bed sediments 
analysed by Häggi et al. (2016) reflect the dominance of C3 plant in the Amazon. 
They measure the abundance-weighted average δ13C of C29 and C31 n-alkanes to 
be -36 to -31 ‰, more 13C depleted than the C4 derived material off North West 
Africa, approximately -30 to -26 ‰ (Huang et al., 2000). The Amazon has carried a 
C3-plant δ13C signature since ~38 ka (Maslin et al., 2012).   
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In this chapter I analyse the stable carbon isotopic composition of long-chain (>C25) 
n-alkanes in open-ocean records, constraining the balance of C3 and C4 plant 
derived wax lipids in the eastern (S0065), central (S0100) and western (S0172) 
tropical Atlantic (Figure 3.1; Figure 3.2). Using the large difference in plant type living 
on the continents bordering the tropical Atlantic the question of terrigenous 
provenance since the LGM is thus addressed. One previous study in the tropical 
Atlantic demonstrates this approach in the modern day/late-Holocene using a zonal 
transect of δ13C in core-top samples: C4 plant material, and therefore African dust, 



























Figure 3.1. Satellite-data informed estimate of modern C4 plant percentage (including crops) from the International Satellite Land 








winds in m/s (1980-2020, accessed through the NASA Giovanni online data system; Acker & Leptoukh, 2007). The primary dust 
source areas (PSA) in North Africa as proposed by Scheuvens et al. (2013) are depicted in dark grey (overlain by hand). PSA5 is in 
the vicinity of the Bodélé depression. Black contours show elevation >1000 m, blue lines indicate rivers. Created using Ocean Data 





















Figure 3.2. Left-hand panel: tropical Atlantic leaf-wax biomarker sediment core sites, with key cores labelled. The approximate 









track of JC094 is indicated by a dashed line. The colour scale shows bathymetry and topography. Rivers are shown as blue lines. 
Right-hand panel: the enhanced vegetation index (EVI; colour scale) for winter (upper; December, January and February; 2002-
2020) and summer (lower; June, July and August; 2002-2019). Black contours show seasonal 555 nm aerosol optical depth (AOD) 
from the multi-angle imaging spectroradiometer for years 2000-2017 (using the MIL3MAE version 4 data product; Diner, 2009). 
Satellite data were accessed through the Giovanni online data system, developed and maintained by the NASA Goddard Earth 


















3.2.3 Tracing vegetation change using δ13C  
 
Various studies have applied δ13C values of n-alkanes in marine sediments to 
reconstruct the vegetation history of North Africa over the last glacial cycle (Zhao et 
al., 2000; Zhao et al., 2003; Castañeda et al., 2009; Niedermeyer et al., 2010; Collins 
et al., 2011; Kuechler et al., 2013). As dust emission and deposition is diffuse and 
likely integrates signals over a wide area dust records have the potential to eliminate 
local biases that may be present in sediments from more geographically restricted 
sources such as rivers. To date, all of the previous studies are confined to cores that 
are relatively close to the coast of Africa. These cores are almost certainly subject to 
local inputs of terrestrial material other than dust, as all but one (Kuechler et al., 
2013) lie within the 300 km from the coast (Chapter 2; Kienast et al., 2016). The 
influence of riverine and or hemipelagic inputs in continent proximal sediment cores 
has been confirmed by geochemical and grain-size end-member modelling (Collins 
et al., 2011; McGee et al., 2013). Thus drawing wide-scale inferences about climate 
or vegetation history based on continent proximal core sites is difficult. Previous 
studies have focused on continent-proximal sites owing to the higher sedimentation 
rates that promote not only the preservation of organic matter, but also allow for 
higher sampling (i.e. time) resolution. 
 
In this study I have focussed on making measurements at sites that are far from the 
coast of continents. For example, the core site of S0065 lies ~800 km south west of 
Guinea-Bissau and the Geba estuary, whilst S0100 is ~1900 km west-south-west of 
Senegal/The Gambia (Figure 3.2). This allows for a better assessment of the dust-
only input of n-alkanes, assuming that no riverine or hemipelagic material reaches 
either site. Because turbidite flows have been shown to distribute sediment for 
>1200 km elsewhere off the African continental margin (Wynn et al., 2002) this 
assumption may be imperfect, but marks an improvement compared to other coast-
proximal sites previously used to infer dust input.  
  
Using the new open ocean δ13C data as a dust-only end-member I assess the 
evidence for a shift in vegetation in dust source areas during key time-periods from 
the LGM to late-Holocene. Along with a compilation of existing data this new δ13C 
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data will give insight on how North African vegetation changed over the last 
deglaciation, indicating how vegetation on this part of the continent responds to 
climatic changes.  
3.3 Study sites and data compilation methods 
3.3.1 JC094 sites 
 
I present new data from three sediment cores in the tropical Atlantic Ocean collected 
during the JC094 cruise in October-November 2013 (Figure 3.2). The cores come 
from the eastern basin (S0065, 3426 m), close to the mid-Atlantic Ridge (S0100, 
4065 m) and the western basin (S0172, 2714 m). Cores S0065 and S0172 have 
previously published age models and thorium isotope data (Ng et al., 2018). A new 
age model based on calibrated 14C dates was constructed for core S0100 for this 
study (Appendix Table A3.6). A set of JC094 core-tops with both n-alkane and 
232Th/230Th data are also used to investigate modern dust patterns (J. Holtvoeth, 
personal communication; Rowland et al., 2017).  
 
3.3.2 Compiled records of n-alkane/232Th and δ13C 
 
To complement the newly generated data presented here I have compiled n-alkane 
and 232Th data and calculated n-alkane/232Th ratios from sediment cores across the 
Atlantic. To provide a global context and comparison for this new metric I have also 
compiled data from the Southern Ocean. The inorganic and organic measurements 
are rarely made on the same sediment sample from each core, so I have used linear 
interpolation to calculate 232Th concentrations at the depth of each n-alkane 
measurement. The uncertainty on the interpolations is a function of the uncertainty 
on both n-alkane and 232Th concentrations, and the spacing between interpolated 
data and true data points. For literature data the uncertainties for n-alkanes are often 
not available, also uncertainty due to poor data coverage is hard to quantify; 
therefore uncertainties are not presented in figures. However, even prescribing large 
uncertainties in the n-alkane/232Th ratios, e.g. ±50%, differences in the ratio with 
space and time are still discernible. The same range of n-alkanes is not always 
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reported by original studies so that the metric is slightly variable, but always includes 
the major C29 and C31 alkanes. 
 
In the tropical Atlantic the compiled n-alkane/232Th data come from two sites at the 
African continental margin: ODP658C (2263 m; Zhao et al., 2000; Adkins et al., 
2006) and GeoB9508-5 (2384 m; Niedermeyer et al., 2010; Lippold et al., 2012; 
Figure 3.2). Core  ODP658C lies close to a major river system active during the mid-
Holocene (Skonieczny et al., 2015), whilst GeoB9508-5 lies further south close to the 
Senegal river. An additional site on the South American margin, close to the 
Parnaiba river, is core GeoB16202-2 (2248 m; Mulitza et al., 2017). In the Southern 
Ocean cores that record at least one glacial-cycle have been compiled to interrogate 
n-alkane/232Th ratios on longer timescales. Site ODP1090 (3700 m) is from sub-
Antarctic Atlantic (Figure 3.3; C23-C33 n-alkanes; Martínez-Garcia et al., 2009.) Two 
cores are compiled from the Indian sector MD11-3357 (sub-Antarctic) and MD11-
3353 (Antarctic zone; C25-C33 n-alkanes; Thöle et al., 2019; Figure 3.3). In the sub-
Antarctic Pacific sector core PS75/059-2 (3613 m; Lamy et al., 2014; Figure 3.3).  
 
To place the newly generated time-slice δ13C records into context I have bought 
together existing C31 n-alkane δ13C data from cores along the African margin, 
adjacent to the Sahara and Sahel (Figure 3.2). These cores record significant dust 
inputs and so can be compared to the new off-shore records. From north to south 
the compiled cores are: ODP658C (Zhao et al., 2000); ODP659B (Kuechler et al., 
2013); GeoB9508-5 (Niedermeyer et al., 2010). Nearby cores lying further south 
closer to the more highly vegetated continent (Castañeda et al., 2009; Collins et al., 
2011) are not included because they likely record a dominantly riverine signal, 
influenced by proximal C3 vegetation. In addition to the n-alkane records compiled, 
records of other plant wax lipids (C30 fatty acid methyl-ester) provide a useful 
comparison of relative δ13C changes at the African margin up to ~31oN through the 
mid-Holocene (Tierney et al., 2017). 
 
In order to obtain a mean regional signal of dust source n-alkane δ13C since I 
present a 5-point moving average of the compiled coast proximal data along with the 
open-ocean JC094 data from the central and eastern Atlantic generated in this 
study. Combining multiple records may smooth differences between the margin 
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cores due to local shelf/slope or riverine influences (McGee et al., 2013; Skonieczny 
et al., 2015). This approach differs from the original studies that interpret the higher 
frequency changes in δ13C as changes in dust provenance, for example (Zhao et al., 
2000; Kuechler et al., 2013), and interpret the differences between cores as a result 
of differences in the vegetation on the adjacent continent at the multi-millennial time-






























Figure 3.3. Southern Ocean sediment core sites with 232Th and n-alkane 














3.4 Organic geochemistry methods 
 
A set of 12 samples was analysed by GC-FID (gas chromatography with flame 
ionisation detection), GC-MS (gas chromatography mass-spectrometry) and gas-
chromatography combustion chamber isotope ratio mass spectrometry (GC-C-IR-
MS).  Because of the low abundance of the n-alkanes (indicated by four trial 
analyses) ~20 g of freeze dried sediment was extracted to ensure that 
measurements of compound-specific stable carbon isotopes by GC-C-IR-MS could 
be made on the samples.  
3.4.1 Wet chemistry 
3.4.1.1 Solvent extraction 
 
Freeze dried samples were mechanically homogenised and ~10 g was weighed into 
two glass liners for each sample (~20 g total). 20 µl of 5α(H)-cholestane (in 
cyclohexane) at a concentration of 0.12 µg µl-1 was added to each glass liner (i.e. 
5.0 µg per sample). The sediments were mixed with 20 ml of dichloromethane 
(DCM) and methanol (MeOH) at a volumetric ratio of 2:1. The glass liners were 
sealed inside Teflon extraction vessels and placed in a microwave, heating to, and 
being held at, 70°C for a total of 20 minutes. All glassware was furnaced at 450°C for 
~4 hours prior to use. 
 
Samples were centrifuged for 5 minutes at 1700 rpm and the extract from each pair 
of liners combined. Sediments were resuspended with ~20 ml 2:1 DCM:MeOH and 
centrifuged again, repeated three times. Some clay-rich samples inhibited magnetic 
stirring and some samples lost their covering of solvent by the end of the extraction 
process, these were topped up with fresh solvent before the first round of re-
suspension and centrifugation. 
 
3.4.1.2 Removal of Sulphur and H2O  
 
Acid-cleaned pieces of copper were added to the solvent to remove any elemental 
sulphur that can cause problems during analysis by GC-MS (Blumer, 1957). A few 
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flakes of acid cleaned copper were placed in each solvent extract and left overnight. 
Extracts were reduced in volume using a rotary evaporation system. Samples were 
re-dissolved in DCM and loaded onto columns of solvent-extracted oven-dried 
Na2SO4 powder to remove water.  
 
3.4.1.3 Esterification of fatty acids, derivatisation of alcohols and column 
chromatography 
 
Carboxylic acids were converted to methyl esters to inhibit interaction with the 
stationary phase of the GC column (Drozd, 1975). Wax esters were trans-esterified 
by this procedure, forming methyl esters and n-alcohols (Holtvoeth et al., 2016). 
Methylation was carried out using methanol and anhydrous HCl (prepared through a 
mixture of acetyl chloride and methanol; Nudelman et al., 1998). Acetyl chloride and 
ice-cooled MeOH were combined in a volumetric ratio of 1:30, and 1 ml of the 
solution was added to dry samples. Samples were held at 45oC for ~12 hours and 
then blown to dryness under N2. Samples were re-dissolved in DCM and passed 
through columns of K2CO3 to remove excess acid.  
 
To make alcohols amenable to analysis by GC the hydrogen in the hydroxyl group is 
replaced with a trimethylsilyl (TMS) group: Si(CH3)3. Addition of the TMS group can 
also improve the separation of closely eluting compounds (Drozd, 1975). 30 µl of the 
derivatising agent N,O-bis-(trimethylsilyl)trifluoroacetamide (BTSFA) was added to 
the dry extracts which were heated to 65oC in a heating block for 45 minutes and 
then blown to dryness. Samples were re-dissolved in ~1-2 ml DCM and dried 2-3 
times to ensure the complete removal of BSTFA before analysis. 
 
The total lipid extracts were further separated into apolar (containing the target n-
alkanes) and polar fractions of samples using silica gel column chromatography. 
Pasteur pipettes were packed with silica powder and rinsed with hexane. Extracts 
were dissolved in 100 µl of n-hexane and loaded onto the top of the column using a 
syringe. Once loaded, the samples were eluted with ~3.5 ml of n-hexane.  
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3.4.2 Analytical chemistry 
3.4.2.1 GC-MS of TLEs 
 
The derivatised total lipid extracts (TLEs) of the samples were initially analysed by 
GC-FID and then GC-MS (prior to chromatographic separation into apolar and polar 
fractions) to confirm the approximate abundance and identity of compounds present. 
The samples were run on a Thermo Scientific Trace 1300 gas chromatograph 
coupled to a Thermo Scientific ISQ single quadrupole mass-spectrometer. The GC 
was fitted with a HP-1 non-polar column (dimensions: 50 m x 0.32 mm x 0.17 µm). 
Samples were injected in DCM with He as a carrier gas. Compounds were identified 
by their spectra of molecular and fragment ions. The presence of a homologous 
series of n-alkanes, unsaturated n-alcohols, unsaturated n-fatty acids in all samples 
confirmed the presence of higher plant material in the samples.  
 
To quantify distributions of plant derived n-fatty acids and n-alcohols I analysed 
extracted ion chromatograms from the TLEs using characteristic fragment ions at 
m/z = 74, 87 for n-fatty acids and m/z = 103 for n-alcohols (each homologue was 
also identified by its molecular ion) and integrated peak areas using Thermo Xcalibur 
software. Peaks with significant co-elution of other compounds were not integrated to 
avoid biasing the calculated distributions. Peaks pertaining to odd carbon-numbered 
n-fatty acids and n-alcohols were systematically lower than even carbon numbered 
homologues, and were not quantified due to their low abundance and the poor shape 
of peaks in the ion chromatograms. 
 
3.4.2.2 GC-FID of non-polar fractions 
 
The abundance of n-alkanes was quantified by GC-FID of apolar fractions (after 
separation of TLE by silica gel chromatography). Prior to running samples an in-
house standard mix of fatty acid methyl esters (FAMEs) was analysed to monitor 
instrument performance. The FAME standard and samples were run on a short 
program, starting at 50oC and linearly increasing to 300oC in 27 minutes, and held at 
this temperature for 9 minutes. 
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The GC was a Thermo Scientific Trace 1300, fitted with a Thames Restek Rtx-1 non-
polar column (50 m length x 0.32 mm internal diameter x 0.17 µm stationary phase 
film thickness). The flame ionisation detector, running on hydrogen (35ml/min) and 
air (350ml/min), was set to 300oC. The carrier gas was He and the solvent was n-
hexane. The areas under peaks were integrated using Thermo Scientific 
Chromeleon software, and the peak areas of the analytes compared to that of the 
internal standard in order to quantify analyte masses.  
 
3.4.2.3 GC-C-IRMS of non-polar fractions 
 
The stable carbon isotopic composition of a range of n-alkanes was determined for 
every sample by GC-C-IRMS. The GC-C-IRMS system consisted of an Agilent 
Technologies 7890A GC fitted with a HP-1 non-polar column (dimensions as above) 
using He as a carrier gas (at a flow rate of 2 ml/min), an IsoPrime GC5 
combustion/pyrolysis interface and an IsoPrime 100 mass spectrometer. A 1 µl 
aliquot of samples in n-hexane was injected, either by using an auto sampler or 
manually. Duplicate injections were carried out. Typically, the samples from cores 
S0065 and S0100 in the east were concentrated enough to auto-inject, whilst those 
from S0172 were manually injected. The manual injection procedure led to a slightly 
increased variability in the retention times for compounds. Manually injected aliquots 
represented 10% of the total sample whilst those auto-injected typically represented 
1-2%. 
 
The samples were run using a 38 minute program on the GC, starting at 40oC and 
maintaining this temperature for 2 minutes, then linearly increasing to 300oC in a 
further 26 minutes, before being held at this final temperature for 10 minutes. The 
interface heater between the GC and the furnace was set to a temperature of 350oC, 
whilst the furnace was set to 850oC. A reference gas (CO2) previously calibrated 
against an international reference (Vienna Pee Dee Belemnite) was injected twice at 
the beginning of each run. Data processing was carried out using IsoPrime 
IonVantage software.  
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3.4.3 Analytical quality assurance 
 
3.4.3.1 Procedural blanks 
 
A full procedural blank was processed with each batch of ~4-6 samples. No large 
(<10% peak area of internal standard) sources of contamination were detected 
throughout the chromatogram of the blank TLEs, and for the small peaks that were 
present none shared retention times with the analytes. The further separation of the 
TLE into a non-polar fraction helped to eliminate some of the small amount of 
contamination present.  
 
3.4.3.2 Precision and accuracy of GC-C-IRMS  
 
A FAME standard mix was used to confirm the accuracy and precision of the system, 
and was analysed between each set of 4 injections. The mix contain 5 reference 
compounds and was analysed a total of 12 times across different analytical 
sessions. The mean offset between reference compound δ13C and measurements is 
-0.07 ± 0.25 ‰ (2σ, n = 60). 
 
The repeatability of the measurements was assessed using measurements of the 
internal standard. Because the internal standard is an alkane and was similar in 
abundance to the C29 and C31 n-alkanes and went through the entire laboratory 
procedure it may give a more valid estimate of the uncertainty. Measurements 
indicate that the repeatability is 0.66 ‰ (2SD, n=32), in relatively good agreement 
with the estimate from the FAME standard (Appendix Table A3.5). The actual error 
for some compounds may be larger than this because the signal for the analytes was 
sometimes smaller than that of the internal standard, especially for the second batch 
of samples where the average C31-alkane/IS peak area ratio is only 0.3 ± 0.3 (1SD).  
 
Some of the smaller analyte peaks are subject to differences in δ13C when slightly 
different data processing methods are applied (e.g. slightly different peak widths 
integrated). However, most of the data show differences in δ13C resulting from each 
processing method smaller than, or on the order of, the estimated uncertainty (~0.66 
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‰), and so can be considered robust within the stated error. Uncertainty is taken to 
be the larger of either 0.66 ‰ (the longer term internal standard 2SD) or 2SD of the 
duplicated injection measurements. Even though duplicate standard deviation may 
overestimate the actual error, large duplicate standard deviation could also arise 
from anomalous machine behaviour.  
 
3.4.3.3 Replicate extraction and analysis 
 
During the second batch of extractions three of the sediment samples were chosen 
to undergo a repeated extraction to investigate the repeatability of the whole 
laboratory procedure (excluding sample weighing and homogenisation) in terms of 
concentrations and δ13C values calculated.  The replication of concentrations of n-
alkanes in this study was poor, with increasing differences between duplicated 
samples seen with increasing carbon number above ~C27-C29, suggesting that the 
depletion may be a result of poor extraction efficiency (longer chain n-alkanes have 
higher boiling points and lower solubility in solvents; Kudchadker and Zwolinski, 
1966; Domańska and Rolińska, 1989). The average difference between repeat and 
initial sample concentration for the C29 and C31 n-alkanes was 36 ± 7 % (2σ, n=6). 
As a result we ascribe a high level of uncertainty, ±50%, to the n-alkane 
concentrations (Appendix Tables S3.1, S3.4) A recent methodological study 
highlights the difficulty of accurately quantifying lipids using internal standard peak 
areas. The study also suggested extraction efficiency as a cause for variability, and 
found concentrations <20% of the true value for C31 alkanes (Herrera-Herrera and 
Mallol, 2018).  Despite the inconsistent extraction efficiency, the ratio of each n-
alkane to the C31 n-alkane for duplicated samples varies by <10%. The δ13C of the 
n-alkanes were replicated at a level consistent with the estimated precision. Because 
of the large uncertainties in concentrations I compare new data to nearby published 
data to assess the reliability (Section 3.6), only interpret trends well outside of the 
conservative estimate of uncertainty, and emphasise the δ13C data, which are more 
reproduceable. The difference in δ13C only exceeds the 0.66 ‰ uncertainty in 4/26 
measurement pairs, and these were for analytes with a low concentration compared 
to the C31 n-alkane (Appendix Table A3.4).  
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3.5 Results 
3.5.1 JC094 n-alkyl lipid distributions 
 
The n-alkanes exhibit a strong OEP, as expected for relatively recent terrigenous 
material.  The average CPIs for the late-Holocene samples are slightly lower 
(average CPI = 5.1) than those determined by Schreuder et al. (2018) for core-top 
samples (average CPI = 5.5) and for sediment trap material (average CPI = 5.8), but 
slightly higher than those determined by Huang et al. (2000) for core-tops in the 
eastern tropical Atlantic (average CPI = 4 ± 1). On the whole these values are similar 
and are indicative of material derived from terrestrial plants (Bush and McInerney, 
2013). The CPIs show no large changes throughout the time period investigated 
(Appendix Table A3.3). 
 
The ACL of late-Holocene samples in this study are similar to core-top sediments 
presented by Schreuder et al. (2018) (average = 29.8) and slightly higher than 
sediment trap material from the same study (average = 29.2). Core-top sediments 
presented by Huang et al. (2000) show ACL in a similar range to those presented 
here (ACL = 28.3 to 29.9). These ACL values fall within the broad range produced by 
grasses, woody plants and other plant types (Bush and McInerney, 2013). The ACL 
exhibits minor variation but no significant trend through time in any of the cores.  
 
The n-alkane C29/C31 ratio is < 1 in 10/12 samples (with values ~1 in the remaining 
samples). The most abundant homologue of n-alcohols is C28 for all samples, while 
n-fatty acids show a rather broad distribution with maxima between C22 and C26 
(Figure A3.1). The n-alkyl lipid distributions are broadly comparable to those 
measured by Eglinton et al. (2002) for a range of samples influenced by Saharan 
dust (n-alkane C29/C31 < 1, n-alcohol maximum abundance at C28 or C30, and n-
fatty acids showing a wider range of distributions with maximum abundances 
between C22 and C30).  
 
3.5.2 JC094 n-alkane concentrations 
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The concentration of organic material in the JC094 sediment cores is low. Elemental 
analysis suggest that core top material contains <0.5% total organic carbon (TOC). A 
limited number of analyses on deeper sediments yielded TOC contents of ~0.3%.  
 
The C31 and C29 alkanes are dominant and have similar abundances, although in 
general the C31 is slightly higher.  The concentration of C31 n-alkane in S0065 
ranges from 0.15 to 0.53 µg/g, in S0100 from 0.15 to 0.38 µg/g and in S0172 in the 
Western basin from 0.02 to 0.05 µg/g (Appendix Table A3.1). The other odd carbon-
numbered alkanes generally exhibit similar patterns (Figure 3.4). Despite the large 
uncertainty, the ~10x difference in concentration between S0172 and the two cores 
further east indicates a significant concentration gradient from east to west. This 
difference between eastern (S0065) and western (S0172) cores, however, varies 
with time/depth and is smallest in the mid-Holocene time-slice (only a factor of ~5 
difference). Both cores in the central and eastern tropical Atlantic (S0100 and 
S0065) show a decrease in concentration from LGM to mid-Holocene time slice, 
followed by an increase at the late-Holocene. In contrast core S0172 shows constant 
concentrations within our estimate of uncertainty. 
 
3.5.3 JC094 n-alkane fluxes and n-alkane/232Th ratios 
 
Thorium isotopes 230Th and 232Th have previously been measured on cores S0065 
(east) and S0172 (west) (Ng, 2016). Normalisation to 230Th allows for a flux to be 
calculated (Costa et al., 2020). However, measurements of thorium and n-alkanes 
were not always made on the same samples so that linear interpolation between 
core depths is sometimes necessary to estimate the flux. A set of core-tops from the 
JC094 cruise analysed by the same methods reported here (J. Holtvoeth., personal 
communication) are combined with 230Th-normalised mass fluxes in the same cores 
(Rowland et al., 2017). 
 
The core-top fluxes range from 3 µg m-2 yr-1 in the east close to S0065 and 0.2 µg m-
2 yr-1 in the west, close to S0172 (Figure 3.5b).  In the eastern basin (S0065) fluxes 
of the C31 n-alkane range from 7 µg m-2 yr-1 at the LGM to a minimum of 2 µg m-2 yr-
1 during the mid-Holocene, and rising to 6 µg m-2 yr-1 at the late-Holocene (Figure 
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3.6). Fluxes in the western basin (S0172) are an order of magnitude lower, with C31 
fluxes ranging from 0.2-0.7 µg m-2 yr-1, the maximum occurring at the late-Holocene 
(Figure 3.6). The JC094 fluxes are lower than those reported for modern sediment 
traps in the tropical Atlantic which are ~25 µg m-2 yr-1 in the east tropical Atlantic and 
~5 µg m-2 yr-1 in the west (Figure 3.5b; Schreuder et al., 2018). In comparison, 230Th-
normalised core-top n-alkane fluxes from the open ocean Pacific and Pacific sector 
of the Southern Ocean (for C27-C33 n-alkane combined) are 1 ± 0.4 µg m-2 yr-1 
(1SD), smaller than those found in the eastern Atlantic, but similar to, or slightly 
above, those in the western basin (Jaeschke et al., 2017). 
 
n-Alkanes (sum of C27-C33 odd-numbered) normalised to the lithogenic isotope 
232Th show similar patterns to those of n-alkane flux (cf Figures 3.6b and 3.7a), and 
range from 0.1-0.5 g/g in the east (S0065) and are < 0.1 the west (S0172). The core-
top samples show a similar range of values. When core-top and late-Holocene 
values are plotted with longitude there is a distinct east-west trend of decreasing n-
alkane/232Th ratios (Figure 3.7a). 
 
3.5.4 Compiled n-alkane/232Th records 
 
At the east Atlantic margin, high-resolution data from cores ODP658c (Zhao et al., 
2000; Adkins et al., 2006) and GeoB9508-5 (Figure 3.2) (Niedermeyer et al., 2010; 
Lippold et al., 2012b) show high frequency variability in the C27-C33 n-alkane/232Th 
ratio through the deglaciation and Holocene (Figure 3.7b). Ratios in ODP658c range 
from 0.1 at 5 ka to 0.5 at ~14 ka, and are lower in core GeoB9508-5 (0.02 at ~24 ka; 
0.17 at ~12 ka; Figure 3.7b). At the west Atlantic margin off the Parnaiba river core 
GeoB16202-2 shows high frequency variability, with some peaks >0.2 during the 
deglaciation and values below 0.01 during the LGM and Holocene (Figure 3.7d). 
 
Three of the four cores from the Southern Ocean show distinct changes in n-
alkane/232Th ratio over glacial-interglacial timescales. At ODP1090 in the sub-
Antarctic Atlantic (Martínez-Garcia et al., 2009) regular peaks occur during peak 
glacial conditions throughout the last ~800 kyr, often co-occurring with peaks in 
terrigenous fluxes (Figure 3.8a). In the sub-Antarctic Indian sector of the Southern 
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Ocean core MD11-3357 (Thöle et al., 2019) shows lowest ratios during interglacials, 
whilst peak values occur in the middle of the last glaciation (Figure 3.8b). Further 
southwest core MD11-3353 shows a similar range of values, with the peak also 
during the glacial period. In the sub-Antarctic Pacific sector ratios (C29 and C31 n-
alkanes) are ~0.02-0.05 g/g over the last 250 ka, with peaks of ~0.07 at the LGM 
(Figure 3.8b).  
 
3.5.5 δ13C of JC094 n-alkanes 
 
In S0065 the C31 n-alkane δ13C values range from -26.7 to -23.2 ‰, in S0100 they 
range from -25.6 to -23.5 ‰ and in S0172 they range from -28.2 to -25.14 ‰ 
(Appendix Table A3.2). Because of the small signal sizes, the δ13C values in S0172 
were sensitive to data processing methods (e.g. small changes in peak integration 
width), but values calculated by each method are within uncertainties. The odd 
carbon-numbered n-alkanes have similar values, except for the C29 n-alkane which 
is always more depleted in 13C than the others (Figure 3.9). The average δ13C values 
of C25 to C31 odd carbon-numbered n-alkanes decrease from the LGM to the late 
Holocene in all three cores (Figure 3.9). The decrease is most pronounced in S0065 
(3 ‰), followed by S0100 (1.7 ‰) and then S0172 (0.9 ‰). For the combined 
samples of S0100 and S0065 the change in average δ13C from LGM to late 
Holocene is statistically significant (two-tailed t-test p = 0.0003 at 95% confidence 
level), whilst for individual cores only the change in S0065 is statistically significant 
(p = 0.007).  When considering only an individual n-alkane, similar trends are 
apparent, e.g. for n-C31 the decrease is 3.5 ‰, 2 ‰ and 1.6 ‰ in the three cores. 
Late-Holocene δ13C values are close to those measured in a nearby transect of 
core-tops (Figure 3.5c; Schreuder et al., 2018) and are similar in the east and west 
tropical Atlantic. 
 
The C29 n-alkane is the most 13C depleted of all the measured homologues; the 
average magnitude of C29 δ13C depletion (relative to averaged n-C27 and n-C31 
δ13C values) ranges from 1.3 to 2.9 ‰, with an average of 2.2 ‰ (Figure 3.9). The 
depletion is systematically greater relative to the C27 n-alkane than the C31. The 
depletion of C29 δ13C values are higher for the deglaciation and LGM in S0065 and 
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S0100, with S0172 only showing elevated LGM values (although given the larger 































































Figure 3.4. N-alkane concentration through time in the three sediment cores for C23 
to C33 n-alkanes. The two most abundant n-alkanes (C29 and C31) are shown in 
solid grey, the less abundant alkanes are hollow symbols and dashed lines. The 
estimated uncertainty range of ±50% is shown on the C31 alkane for reference, 
although this is poorly constrained.  The relevant map symbol (Figure 3.2) for each 
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Figure 3.5. Approximately zonal transects of core-top data from the tropical Atlantic. a) C31 n-alkane concentration b) thorium-230 



















































































































al., 2018; Rowland et al., 2017) and sediment trap flux estimates (Schreuder et al., 2018), on a separate scale (right hand axis). c) 
δ13C of C31 n-alkane core-top sediments from this study and from a zonal transect at ~12oN (Schreuder et al., 2018). d) 230-
thorium-normalised 232Th fluxes from JC094 core-tops (Rowland et al., 2017; Ng et al., 2018). Smaller crosses indicate samples 




















3.5.6 Compiled δ13C records 
 
The three compiled C31 n-alkane δ13C records at the African margin range from -21 
to -27 ‰ (average -24 ‰) over the 40 ka period compiled; there is no consistent 
difference in δ13C values between the cores. The highest resolution and most 
southerly core (GeoB9508-2) shows high frequency variability of several permille on 
millennial timescales. This variability is also shown in ODP658C at lower resolution 
but greater magnitude, whilst ODP659B shows less variability. A subtle feature of the 
compiled data seen in all three cores is a decreasing trend from ~22 ka (~-23.5 ‰) 
to ~0 ka (~-26 ‰), highlighted by the moving average trend for all data (Figure 3.10).  
 
3.6 Discussion 
3.6.1 Quantifying n-Alkane supply using thorium isotopes 
3.6.1.1 n-alkane fluxes in the tropical Atlantic: spatial and temporal variation 
 
Concentrations of the C31 n-alkane in the core-top sediments measured in this study 
match well those from other JC094 core-tops (J. Holtvoeth, personal communication) 
and other nearby sites (Schreuder et al., 2018), showing a large decrease in 
concentrations moving away from Africa (Figure 3.5a). Th-230-normalised fluxes of 
C31 n-alkanes show a similar spatial pattern, consistent with an African dust source 
of n-alkanes that diminishes towards the west (Figure 3.5b). This trend is similar to 
the trend in 232Th fluxes in the same sediments (Figure 3.5d), but is larger in 
magnitude, giving rise to decreased n-alkane/232Th ratios moving westwards (as 
discussed below). n-Alkane records have been shown to co-vary with lithogenic 
fluxes elsewhere in Pleistocene sediments (e.g. Martínez-Garcia et al., 2009) and 
the decreasing westward flux observed for core-tops here, replicating the known 
pattern of modern dust deposition (Kienast et al., 2016), helps to validate the use of 
n-alkane fluxes as a terrigenous proxy. The C31 n-alkane fluxes from three sediment 
traps close to our core-tops (Schreuder et al., 2018) record fluxes that are much 
larger (4x at ~22-23oW) than those recorded by sediment core-tops (Figure 3.5b). 
This may be a result of the differences in sampling timescales (1 vs 1000s years) 
and preservation (the dust fluxes in the sediment traps are similar to those 
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suggested by 232Th fluxes in JC094 core-tops; Rowland et al., 2017; van der Does et 
al., 2020).  
 
The late-Holocene time slice in the eastern basin (S0065) shows an unexpectedly 
high n-alkane flux (and alkane/232Th ratios) (Figure 3.7a) and a similar feature is 
seen in core S0172 (western basin). This may be attributed to increased fossil n-
alkane supply from areas that supported vegetation during the AHP, as suggested 
by previous authors (Zhao et al., 2003). Sources of fossil soil n-alkanes are thought 
to contribute to the sedimentary record elsewhere (Eglinton et al., 1997). 
Alternatively there may be less diagenetic degradation of near core-top sample 
intervals, which is consistent with the high abundance of labile compounds in them 
(i.e. short chain fatty acids are the dominant compounds of the TLE but are much 
less abundant in older time-slices). 
 
Although largely within the (poorly constrained) uncertainty, down-core trends in 
concentrations and fluxes in the east tropical Atlantic (S0065) hint at a higher flux of 
terrestrial material during glacial times, followed by a decrease to a minimum in the 
mid-Holocene, similar to the 232Th flux records (Figure 3.6). The concentration data 
from S0100 would also seem to support this (given the similar pattern of n-alkane 
concentration and the similar 232Th flux recorded nearby; Williams et al., 2016). The 
distinct mid-Holocene dip in n-alkane fluxes is attributed to low fluxes during the 
AHP. This is significant because it implies that during a time of enhanced vegetation 
abundance, lithogenic supply was the dominant factor controlling n-alkane supply, 
not the vegetation abundance close to source areas.  
 
3.6.1.2 Controls on n-alkane vs 232Th supply  
 
It is notable that n-alkane/232Th ratios in core-tops decrease from east to west 
alongside decreasing fluxes of 232Th and n-alkanes (Figure 3.7a). The trend is 
apparent down-core, as S0172 (west) consistently shows lower ratios than S0065 
(east). This could indicate a different source of terrigenous material, but evidence 
from δ13C of n-alkanes argues against this for core-top samples (Figure 3.5c). The 
lower western ratios could be due to seasonal differences in dust composition, as 
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S0172 lying further north receives dominantly summer dust, possibly derived from 
sources further north with less vegetation than sites further south (White, 1983; 
Engelstaeder et al., 2006). Changes in the concentration of 232Th with decreasing 
dust grainsize (McGee et al., 2016) cannot account for the >10x difference in ratios 
measured in core-tops (i.e. late-Holocene samples) in the east and west tropical 
Atlantic (Figure 3.7a). Alternatively, degradation/conversion of long-chain n-alkanes 
with transport distance in the atmosphere may be possible, as can occur with 
atmospheric shorter-chain n-alkanes in the presence of radical species (Atkinson et 
al., 2008). The trend may be associated with preferential loss of the dust size fraction 
carrying the n-alkanes during transport, (i.e. if n-alkanes were in the coarse fraction). 
In this way weaker winds carrying the dust might be associated with a lower n-
alkane/232Th ratio at a given distance from the source. Regardless of its origin this 
trend is important to consider when comparing n-alkane fluxes from sites at different 
distances from the dust source; it appears n-alkanes are not perfectly preserved 
during transport and sedimentation.  
 
The time-slice JC094 n-alkane/232Th ratios indicate that distance from the dust 
source and also climate state may influence the supply of n-alkanes relative to 232Th 
(Figure 3.7a). The compiled data from higher resolution margin cores and the 
Southern Ocean also show variability with time, confirming the link between n-alkane 
supply and climate state (Figures 3.7 and 3.8). The variability of the ratios in these 












Figure 3.6. a) Th-230-normalised 232Th fluxes in JC094 cores since the LGM (Ng et 
al., 2018) for cores with corresponding n-alkane data. b) Flux estimates of the C31 n-
alkane in cores S0065 (east) and S0172 (west). Uncertainties on n-alkane fluxes are 
































































3.6.1.2.i Millennial-scale variability at the Atlantic margins 
 
Sediments at the ocean margins recording both dust and riverine inputs can give 
higher resolution information regarding changes in the supply of n-alkanes than our 
mid-ocean sediments (Figure 3.7b). The n-alkane/232Th ratio of core ODP658C 
(African margin; Figure 3.2) shows peaks enriched in n-alkanes ~14 ka, around the 
Bølling-Allerød, and at ~8-9 ka, during the African humid period optimum (Figure 
3.7b). The 14 ka peak in ratios can be closely linked with a distinct peak in 
precipitation recorded by !D records in nearby cores (Figure 3.7c; Tierney et al., 
2017; Dupont and Schefuß, 2018), suggesting that this peak may be associated with 
riverine input (Skonieczny et al., 2015), rather than dust. This confirms conclusions 
made in Chapter 2 regarding the susceptibility of proximal records to non-aeolian 
processes. The peak in n-alkane/232Th ratios at 8-9 ka (Figure 3.7b) is associated 
with a small drop in precipitation recorded in cores GC68 (Tierney et al., 2017) and 
GeoB9508-5 (Figure 3.7c; Niedermeyer et al., 2010). However, a core very close to 
ODP658C (GeoB7920-2; Dupont and Schefuß, 2018) indicates maximum 
precipitation around this time (Figure 3.7b and 7c). It seems that the n-alkane/232Th 
ratios can increase in response to increasing precipitation during certain time periods 
(e.g. Bølling-Allerød, ~14 ka), but this link is uncertain at other times (AHP, 8-9 ka), 
due to the variably recorded precipitation signal. Multiple controls may act to change 
the ratio of alkanes/232Th delivered by terrigenous material, and the local response to 
a given climatic change is not necessarily constant with time.  
 
At the west African margin in core ODP658C the Younger-Dryas and HS1 appear to 
be times of low n-alkane/232Th ratios (Figure 3.7b). This pattern is also present for 
HS1 and HS2 in core GeoB8508-5, with distinct minima in ratios during the high 
232Th flux times of the Heinrich events (Niedermeyer et al., 2010; Lippold et al., 
2012b), when elemental ratios also suggest high dust-derived terrigenous material in 
GeoB8508-5 and other nearby cores (Mulitza et al., 2008; Collins et al., 2013). 
Together these observations suggest that during the glacial, dust derived lithogenic 
material is less enriched in n-alkanes than riverine or shelf/slope material (Figure 
3.7).  Both the African margin cores show a peak in n-alkane/232Th at the Bølling-
Allerød (Figure 3.7b), when !D records indicate a small peak in precipitation (Figure 
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3.7c), however, their signals become anti-phased through the Younger Dryas and 
AHP optimum. By 6 ka the signals become in-phase once more. The differences 
between cores through the deglaciation and Holocene could be the result of the 
latitudinal position of the rain-belt: peaks in the ratios at each site may correspond to 
times of increased rainfall in specific river catchments.  However, the largely 
coherent deuterium records are hard to reconcile with this idea. Alternatively, the 
difference in behaviour through time may be related to the forcing mechanism. For 
example, high frequency millennial shifts in the rain-belt are thought to result from 
extra-tropical forcing and changes in the AMOC (Mulitza et al., 2008; Collins et al., 
2013), whereas wholesale expansions of the seasonal range of the rain-belt are 
expected from changes to orbital insolation (Singarayer et al., 2017); these 
contrasting forcings may produce different responses in terms of precipitation, 
vegetation and n-alkane export. The resumption of in phase behaviour of 
alkane/232Th ratios at ~6 ka coincides with increasing ratios and decreasing 
precipitation (Figure 3.7b and c), opposite from the trends seen at the Bølling-
Allerød. This may be due to the increased fossil alkane availability in dust source 
regions after the AHP, meaning that dust source areas n-alkane/232Th ratios became 
more comparable to riverine material.  
 
There is evidence that for some species of plants, epicuticular wax production is 
sensitive to temperature and precipitation (Daly, 1964; González and Ayerbe, 2010; 
Hoffmann et al., 2013), with higher water stress and higher temperature leading to 
increased production of wax (although other recent studies show no relationship or 
an opposite trend; Wang, Axia, et al., 2018; Wang, Xu, et al., 2018). If the findings of 
Daly (1964) hold for the African plant waxes sampled here, part of the variability in n-
alkane/232Th ratios seen through climatic changes may be attributable to this 
behaviour. Applying the equations of (Daly, 1964) and assuming temperature and 
precipitation changes of -3.5oC and -100 mm/yr, 2oC and -1000 mm/yr and 4oC and 
1000mm/yr for the LGM, AHP and cold stadial events respectively (Braconnot et al., 
2007; Tierney et al., 2017), one might expect wax production to decrease at the LGM 
and AHP, and increase slightly during cold stadials. This behaviour does not explain 
the trends in n-alkane/232Th ratio that we reconstruct from African margin sediments 
(ODP658c and GeoB8508-5; Figure 3.7), which tend to show lower values during 
drier Heinrich stadials, and higher values at the BA and AHP, though it may help 
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explain why different records show variable agreement through time (ODP658c and 
GeoB8508-5), if such effects differ among species as is suggested by previous 
studies (Daly, 1964; Wang et al., 2018b). 
 
Regardless of the exact nature of the controls of n-alkane contents in terrigenous 
material, the analysis of the n-alkane/232Th ratio presented here suggests a link to 
terrigenous supply and a connection with the hydroclimate on adjacent land. It 
seems local precipitation can alter the n-alkane/232Th ratio, and suggests the source 
regions of riverine and dust material may have different signatures. Low ratios during 
arid, high-dust events suggest a lower n-alkane contribution from these sources. 
However, it may not be simply continent-proximal vegetation that is important in 
determining the n-alkane/232Th ratios: the more southerly GeoB9508-5 is closer to 
areas of higher vegetation density than ODP658C, yet has systematically lower 
ratios.  
  
On the South American margin, core GeoB1602-2 off the Parnaiba river catchment, 
records extremely high 232Th fluxes during HS1 and the YD (Figure 3.7d). N-
alkane/232Th ratios are generally lower than either core on the African margin, with 
the exception of some samples during HS1 and at the end of YD (Figure 3.7d). 
Assuming the Parnaiba river catchment to have had generally higher vegetation 
density than African dust source regions (Figure 3.2), then the similarity in ratios at 
each margin suggests that vegetation density does not control the n-alkane/232Th 
ratio (Figure 3.7b and d). It is possible that local variations in the geology may 
influence the 232Th concentration and may play a role, yet even decreasing the 232Th 
concentration in the South American core (GeoB16202-2) by a factor of two would 
leave the ratios much lower than ODP658 (except for deglacial spikes). The 
occurrence of spikes in the n-alkane/232Th ratio during high 232Th fluxes suggests 
increased n-alkane supply during increased riverine input of terrigenous material (the 
source of the high 232Th fluxes during YD and HS1; Zhang et al., 2015). It is also 
possible that higher proportions of organic rich material may be liberated due to 
enhanced coastal erosion induced by rising sea levels during the deglaciation. The 
fluxes of terrigenous material recorded off the Parnaiba catchment are anti-phased 
with the increased dust fluxes from the African continent (Chapter 2). This is linked to 
the southward shift of the ITCZ during the deglaciation (in response to changing 
 110 
meridional sea surface temperature gradients; McGee et al., 2013; Mulitza et al., 
2017). The peaks in n-alkane/232Th ratios at each margin fit with both northward 
(African peaks in n-alkane/232Th) and southwards (South American peaks in n-
alkane/232Th) migrations of the rain-belt, and suggests that the ratio is sensitive to 
the rain-belt position and hydrology, and that the ratio increases during some periods 


















Figure 3.7. Millennial-scale variations in the supply of n-alkanes relative to 
lithogenics. The ratio of the sum of odd carbon numbered n-alkanes (chain lengths 





























































































































































27 to 33) to 232Th in a) JC094 cores (Ng et al., 2018; Rowland et al., 2017; Holtvoeth 
et al., unpublished data)  b) African margin cores (ODP658, Adkins et al., 2006; 
GeoB8508-5, Lippold et al., 2012; GeoB8508-5, Niedermeyer et al., 2010; ODP658, 
Zhao et al., 2003) and d) a South American margin core (GeoB16202-2). In a) core-
top samples measured by GC-MS (Holtvoeth et al., unpublished data) are shown as 
crosses with their approximate longitude. 232Th concentrations are linearly 
interpolated between measurements to allow calculation of ratios. c) Shows plant 
wax !D records	from the African Margin (GeoB7920-2, C29 and C31 n-alkane, 
Dupont & Schefuß, 2018; C31 n-alkane, Niedermeyer et al., 2010; C30 FAME, 
Tierney et al., 2017) as well as a humidity index for one core (Tjallingii et al., 2008). 
d) Shows 230Th-normalised 232Th flux for core GeoB16202-2 (Mulitza et al., 2017). 
Key time periods are highlighted using grey bars (HS = Heinrich stadial; YD = 























3.6.1.2.ii The Southern Ocean: glacial-interglacial variability 
 
To assess whether the variability of n-alkane/232Th ratios observed in the tropical 
cores is representative of other sites globally, or pertains uniquely to the tropics, I 
also analyse the ratios from cores from the Southern Ocean. The Southern Ocean is 
particularly data rich for 232Th and n-alkanes due to its potential importance in 
glacial-interglacial Fe-fertilisation. Differences in the variation of n-alkane/232Th ratios 
compared to the tropics may result from the different pathways of terrigenous 
material, the different source areas or the different hydroclimate in the high latitudes. 
 
At ODP site 1090 (sub-Antarctic Atlantic), the peaks in the n-alkane/232Th ratio 
during glacial maxima (Figure 3.8a), implies a link between the climate state and the 
ratio. The source of enhanced glacial-period lithogenic fluxes at this site is thought to 
be either Patagonian dust (Anderson et al., 2014; Bullard, 2017) or redistributed 
sediments (Diekmann, 2007; Noble et al., 2012). The high ratios during glacial 
periods could be linked to a specific terrigenous source, e.g. dust, distinct from those 
that dominate during interglacials. Increased vegetation during the glacial maxima in 
one constant source region could produce an increased ratio, but this seems unlikely 
for a dust source area (Maher et al., 2010). The distinct low 232Th concentrations 
found in Patagonian dust (~1.5x lower than other location; McGee et al., 2016), and 
a decreased fractional contribution of icebergs (with low n-alkane/232Th ratios 
expected) offers an explanation for the increased glacial ratios recorded at 
ODP1090. The lithogenic supply may be more influenced by glacial/iceberg inputs 
from Antarctica during the interglacial times (when dust fluxes are low), these 
sources may have low vegetation abundance (although fossil inputs are also 
possible; Matsumoto et al., 1990) and thus could explain the low n-alkane/232Th 
ratios. This idea is supported by the similarity of values in the Indian and Atlantic 
sectors during the last interglacial period and the subsequent divergence at the LGM 
(overlooking the different range of compounds measured; Figure 3.8). Alternatively 
erosion of the flooded South American shelf may act as a terrigenous source during 
interglacials, which, if carrying a low n-alkane/232Th signal, could explain the lower 
interglacial ratios. In contrast, core PS75/059-2 in the Pacific sector shows less 
distinct variability in the ratio of n-alkanes/232Th, highlighting a different response in 
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this sector of the Southern Ocean. Different terrigenous sources may be responsible 
for these varied responses (Lamy et al., 2014; Thöle et al., 2019).  
 
The similarity of the ODP1090 n-alkane/232Th values, and the magnitude of 
variability, at the tropical margin sites (Figure 3.7) and in the Southern Ocean 
suggests both high- and low-latitude terrigenous source regions are similarly 
sensitive to climate in terms of their alkane/232Th ratio, despite the very different local 
climates and processes. 
 
From the above analysis it can be seen that the export of n-alkanes, normalised to 
lithogenic terrigenous material, is sensitive to the climate state on millennial 
timescales, potentially as a result of changing hydrology and vegetation density in 
source regions, and may also be sensitive to these changes on longer glacial 
interglacial timescales. In addition, changes in terrigenous sources may exert a 
strong control on sedimentary n-alkane/232Th ratios. It has also been shown that 
vegetation density of the source regions is not necessarily the dominant first order 
control on n-alkane/232Th ratios. The ratio of a particular source is not fixed through 
time, and can be altered, especially after significant changes in hydrology, such as in 
Africa during and after the AHP. It is possible that processes during transport of dust, 
either grain-size sorting or organic degradation may affect the ratio of n-
alkanes/232Th. The large variations of ratios seen in the Southern Ocean indicate 
changes in either terrigenous sources or vegetation density of those sources. The 
variation of ratios north and south of atmospheric fronts and in different sectors of 
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Figure 3.8. Glacial-interglacial variation in the supply of n-alkanes relative to 
lithogenics. Southern ocean n-alkane/232Th records from a) the Atlantic sector sub-
Antarctic zone, ODP1090 (C23 to C33; Martínez-Garcia et al., 2009), along with the 
benthic foraminifera 18O stack of Lisiecki & Raymo (2005), and b) the Indian sector 
Antarctic zone (MD11-3353), sub-Antarctic Zone (MD11-3357) (C25 to C33 n-
alkanes; Thöle et al., 2019) and the Pacific sector sub-Antarctic zone (PS75/59-2, 
C29 and C31 n-alkanes; Lamy et al., 2014). The lower panel in b) shows the 230Th-




























































Figure 3.9. Change in δ13C of n-alkanes through time for the east (S0065), central 
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alkane but are otherwise excluded for clarity; average uncertainties for all 
































3.6.2 Terrigenous Provenance to the tropical Atlantic since the LGM 
3.6.2.1 C4 plant material dominates the tropical Atlantic since the LGM 
 
Alkane δ13C values may be influenced by a range of factors including the age of the 
compounds (Eglinton et al., 1997; Eglinton et al., 2002), the concentration of 
atmospheric CO2 (Schubert and Jahren, 2012; Diefendorf and Freimuth, 2017), and 
the potential mixing of compounds from different source areas (Zhao et al., 2003; 
Kuechler et al., 2013). However, despite multiple influences our late-Holocene δ13C 
values are consistent with data from multiple sites across the tropical Atlantic, and 
are indicative of a significant/dominant source of C4 plant material (Huang et al., 
2000; Eglinton et al., 2002; Schreuder et al., 2018). This isotopic composition is 
consistent with the distribution of plant types in areas close to the dominant dust 
source areas in the region (Figure 3.1; Huang et al., 2000; Mayaux et al., 2004). 
Furthermore, the δ13C values recorded in our three cores suggest the input of 
dominantly C4 plant material since the LGM across the tropical Atlantic. 
 
Amazonian vegetation is thought to have remained dominated by C3 vegetation 
since the LGM  (-29 to -34 ‰ at ODP 942, Figure 3.2; Maslin et al., 2012). Thus, the 
lack of a C3 signal in S0065 (east Atlantic) and S0100 (mid-Atlantic) confirms that 
these sites have only been influenced by African terrigenous material since the LGM 
(Figure 3.9). This rules out significant influence of nepheloid layers sourced from the 
western basin during the deglacial and early Holocene (François and Bacon, 1991), 
and confirms the assignment of each of our JC094 cores as dust-dominated sites 
(Chapter 2). Our cores thus place broad constraints on the limit of South American 
terrigenous input to the Atlantic since the LGM. Because n-alkanes in terrigenous 
material delivered from the African margin by ‘non-dust’ processes (e.g. 
resuspension of shelf sediment) would likely have similar δ13C values to those in 
dust the influence of these processes cannot be entirely ruled out. The application of 
compound specific 14C analyses would make a useful target for future studies that 
may allow for the deconvolution of dust and resuspended shelf/slope terrigenous 
fluxes. Analysis of cores closer to South America will also help to more precisely 
delineate the extent of South American margin processes through time.  
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The average 2 ‰ depletion in δ13C of the C29 alkane (compared to the neighbouring 
odd numbered homologues) falls within the range previously measured in Atlantic 
dust falls, aerosols and sediments (Simoneit, 1997; Huang et al., 2000; Eglinton et 
al., 2002; Schefuß et al., 2003; Rommerskirchen et al., 2003; Rommerskirchen et al., 
2006a; Schreuder et al., 2018). However, this depletion is not typically observed in 
plants (Collister et al., 1994; Chikaraishi and Naraoka, 2003; Rommerskirchen et al., 
2006b; Grice et al., 2008; Vogts et al., 2009; Zhou et al., 2010), where a ‘zig-zag’ 
isotope profile occurs, and the longer chain homologues sometimes become 
increasingly 13C depleted (Chikaraishi and Naraoka, 2003; Rommerskirchen et al., 
2006b; Zhou et al., 2010). A mixture of alkanes from different sources (C3 vs C4) 
could explain the depletion observed in Atlantic samples, for example if the C29 n-
alkane were disproportionately contributed by C3 plants. However, plants tend to 
synthesise a range of n-alkanes, with a dominant homolog surrounded by 
homologues of decreasing abundance (Bush and McInerney, 2013). Given the wide 
range of distributions possible this is difficult to test. If the higher deglacial and LGM 
depletions of C29 n-alkane were caused by increased C3 contribution to the C29 n-
alkane it is difficult to explain why the δ13C trends indicate a higher proportion of C4 
plants during these times: C3 plants would have to contribute to the C29 alkane pool 
even more at the LGM for some reason. An alternative explanation for the dipped 
δ13C profiles is the potential for post depositional/diagenetic alteration of n-alkanes. 
This may be linked to the previously reported in situ microbial/diagenetic production 
or degradation of n-alkanes (Zech et al., 2011; Nguyen Tu et al., 2011; Wang et al., 
2014; Li et al., 2018; Makou et al., 2018; Wu et al., 2019). For example, one previous 
study reported up to 4 ‰ depletions in δ13C of long chain n-alkanes co-occurring 
with DNA evidence for alkane degrading genes (Brittingham et al., 2017). 
Regardless of the cause of the depletion measured here, because long chain n-
alkanes may be ~1000 yrs old (Eglinton et al., 1997), have passed through oxic 
environments (desert, atmosphere, surface ocean etc.) and are then stored in 
sediments for 1000s yrs it would be surprising if they were not affected by 
degradation and/or production processes in some way.   
 
In addition to the δ13C of n-alkanes, differences in n-alkyl lipid distributions have 
been used to trace terrigenous source regions for modern Atlantic dust samples 
(Eglinton et al., 2002; Conte and Weber, 2002; Conte et al., 2003). Although these 
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distributions are potentially sensitive to post-depositional changes and also to 
laboratory methodology (n-alcohols and n-acids can be produced during 
transesterification of intact wax esters; Christie, 1993), they may provide 
complimentary information regarding terrigenous provenance for our samples. Conte 
& Weber (2002) proposed that lipids sourced from Saharan air masses (mostly 
during the summer) typically had n-alkane C29/C31 < 1 and n-alcohols and n-fatty 
acids had a maximum abundance at C30, while dust collected close to Africa in 
winter differed by showing a maximum n-alcohol abundance at C28 (although they 
also found similar distributions occurring from different sources).  
 
The distributions of saturated n-alcohols and n-fatty acids and n-alkanes measured 
in this study are similar to modern sediments and dusts that are predominantly 
influenced by the Sahara (Eglinton et al., 2002) and with samples attributed to 
Saharan or mixed air masses by Conte & Weber (2002) (their ‘type B’ and type ‘C’). 
These data are therefore consistent with the interpretation of a dominantly Saharan 
terrigenous input to our sample sites. Interestingly site S0172 has qualitatively 
slightly different n-alkyl lipid distributions than the two cores in the eastern basin, with 
a more prominent C31 n-alkane abundance and less prominent C28 n-alcohol, which 
could hint at a slight difference in terrigenous source, (also suggested by slightly 
lower δ13C of n-alkanes in this core), which may be due to the seasonality of dust 
delivery at each sample site, or a small input from North or South America to site 
S0172 (Figure A3.1). 
 
3.6.3 Subtle shifts in vegetation: LGM to late-Holocene  
 
Both S0065 and S0100 show a small, but consistent decrease in δ13C values from 
the LGM to late-Holocene time slice across a range of n-alkanes, whilst S0172 
shows a smaller decrease on the same order as the uncertainty in the 
measurements. These shifts could result from: (1) changes in the vegetation 
composition in dust source regions, (2) changes in the balance of dust sources (with 
different δ13C signatures) and (3) changes in the composition of fossil soil-derived n-
alkanes. Changes in the balance of dust (more C4 dominated) compared to riverine 
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(more C3 dominated) material can be ruled as unlikely due to the distal nature of the 
cores, especially S0100, although not ruled out entirely.  
  
If interpreted as marking a change in the type of vegetation in dust source regions, 
the changes in δ13C may be used to estimate the size of these changes. Magill et al. 
(2013) present an empirical model that relates the δ13C of the C31 n-alkane in soils 
to the fraction of woody (i.e. C3) plant cover above, based on a compilation modern 
of soils. Applying this model (with a fractionation between soil organic matter and 
C31 n-alkane of 9 ‰) to the data from cores S0065 and S0100 indicates that there 
was an increase in the woody-plant cover of dust source regions from 2% and 3% at 
the LGM to 19% to 12% in the late-Holocene (S0065 and S0100 respectively). Core 
S0172 is in approximate agreement; the smaller δ13C shift and lower glacial values 
suggesting a shift from ~9% woody plant cover at the LGM to 18% at the late-
Holocene. These inferred changes would indicate a shift in the ecosystems of dust 
source regions from grassland at the LGM to wooded grassland type environments 
in the late Holocene (following UNESCO classifications; White, 1983). The late-
Holocene woody-plant cover values appear consistent with the high levels of C4 
plant cover predicted from satellite data close to dust source areas at the present 
day (Figure 3.1; Still and Powell, 2010; Scheuvens et al., 2013; Evan et al., 2015). 
Specifically, the amount of woody plant cover in dust source regions during the late-
Holocene suggested by the δ13C at S0100 and S0065 is generally consistent with 
the modern vegetation in, or closest to, the most active North African dust source 
around the Bodélé depression (as identified by Evan et al. 2015, close to PSA5 in 
Figure 3.1) that lies partly in Sahel and partly in the Saharan phytogeographical 
regions (as assigned by White, 1983). The semidesert grassland of the northern 
Sahel has <10% woody plants, whilst wooded grassland prevails in the southern 
Sahel, with woody plants between 10-40% (White, 1983). Although likely resulting 
from a mixture of different dust sources, the δ13C recorded in S0065 and S0100 is 
consistent with the large fraction of dust from the Bodélé depression during the 
boreal winter that is carried by trade winds towards these sample sites observed 
from satellite data (Prospero et al., 2002; Engelstaeder et al., 2006; Schepanski et 
al., 2009b).  
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The interpreted shift in dust source ecosystem since the LGM can be further divided 
into two non-exclusive scenarios. Firstly, the higher δ13C and lower proportion of 
wooded plants at the LGM could indicate dust sources were, on average, located 
north of their present position, further into the northern semi-desert grasslands of the 
Northern Sahel and the Saharan phytogeographic regions. Alternatively, during the 
LGM the southern bounds of the Saharan and semi-desert phytogeographic regions 
may have been located further south than at the late-Holocene/present day, 
consistent with southward shifts of the Sahara-Sahel boundary at the LGM and 
deglacial (Collins et al., 2013). In this scenario the band of high C4 plant abundance 
in the Sahel close to southern dust source areas (Figure 3.1) would either have been 
even more C4 dominated at the LGM, or would have had an increased spatial 
coverage.  
 
A model ensemble indicates a slight reduction, or little change, in LGM topsoil 
moisture over central North Africa (Scheff et al., 2017), suggesting an expansion of 
desert vegetation may be consistent with the slight reduction in water availability at 
the LGM. The reduction in LGM woody-plant cover could  also fit with a contracted or 
southward shifted rain belt over continental Africa (Collins et al., 2011; Singarayer et 
al., 2017).  Additionally, the lower CO2 of the LGM may have favoured expansion of 
the C4 desert vegetation. Local orography may have a strong control on the 
emission of dust from the Bodélé region (Koren and Kaufman, 2004; Washington 
and Todd, 2005), and regional geomorphological features appear to be associated 
with, and important for, dust sources in general (Engelstaeder et al., 2006). Because 
of this control by the local geography on dust sources it seems more likely that 
Saharan C4 vegetation increasingly dominated in dust source areas, such as the 
Bodélé region, rather than the source regions themselves moving. That vegetation 
can and does shift with latitude in this region is demonstrated by the seasonal 
variation of vegetation that occurs in the Sahel zone (evident from satellite data, 
Figure 3.2). Previous work suggests the Sahara-Sahel boundary may have been 
located up to ~5o south of its late Holocene position during the LGM and deglaciation 
(Collins et al., 2013, and references therein), implying an expansion of the more arid 
Saharan region into the Sahel.  
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The compiled data at the African margin supports the conclusions based on the new 
open-ocean data presented here. The simplest conclusion that can be drawn from 
the compiled data presented in Figure 3.10 is that at no point during the time period 
under investigation have core sites received terrestrial material that was dominated 
by C3 plant material. The values are consistent with a high proportion of C4 plants 
throughout (~83-98% non-woody plant cover according to the model of Magill et al., 
2013). Despite the noisy individual signals, the compiled data shows a coherent 
broad decreasing trend in δ13C of C31 n-alkane from the LGM to late-Holocene, 
scattering around the new open ocean data. The LGM to late Holocene shift is 
statistically significant (p< 0.01) when comparing two sets of 9 data points from each 
period by a two-tailed t-test or Mann-Whitney U test. The compiled data thus 
supports the idea that distal sediment cores represent regionally averaged, dust-only 
signals. The δ13C trend in both the average of compiled data and in the new dust-
only data indicates the presence of a persistent signal of vegetation change in north 
African dust sources since the LGM, with a potential contribution from changing 
locations of dust sources.  
 
Although the replication of the trends in multiple cores is most simply explained by 
changes in the vegetation composition through time there are factors other than 
vegetation type that are important to consider due to the small magnitude of the 
overall trend. The age of wax lipids in dust (or dust derived sediments) remains 
poorly constrained, (100s-1000s yrs; Eglinton et al., 1997; Eglinton et al., 2002) but 
is not likely to be important for the ~20 kyr LGM to late-Holocene trend investigated 
here. The change in pCO2 from LGM to late-Holocene does impact C3 plant isotopic 
composition (Schubert and Jahren, 2012; Freimuth et al., 2017), but C3 plants 
contribute such a small fraction to n-alkanes measured here that the effect is small 
(~0.2 ‰ for a 10% contribution of C3 plants), and acts to reduce the LGM to late-
Holocene change in δ13C. The effects of changing dust source area are difficult to 
exclude entirely; however, because of the controls of local geomorphology and 
aridity on dust sources (as discussed above), increasing input of material from some 
C3 rich area (e.g. from Morocco/northern Algeria; Zhao et al., 2003; Still and Powell, 
2010; Kuechler et al., 2013) seems unlikely for our distal sites. Furthermore, the fact 
that core S0172 (western basin) has approximately the same late-Holocene δ13C 
value as the two cores that receive high amounts of winter dust carried by the trade 
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winds argues against strong differences in δ13C between summer and winter dust 
(Saharan air layer vs trade winds) in the modern setting, an idea suggested in 




























Figure 3.10. A compilation of literature (Zhao et al., 2000, pink squares; Niedermeyer et al., 2010, grey diamonds; Kuechler et al., 



















excluded from the compilation to eliminate local riverine signals (and potential seasonal bias for S0172). The thick black line is a 
five-point moving average of the compiled data, with the grey lines representing ±2! around the moving average. Symbols and 





















3.6.3.1 Variable signals of the African Humid Period 
 
During the mid-Holocene African humid period parts of the Sahel and Sahara 
underwent a large increase in precipitation (deMenocal et al., 2000; Tierney et al., 
2017). A change in vegetation is thought to have accompanied this hydrological 
change (Hély et al., 2014), as well as a large reduction in the flux of dust emitted 
(Williams et al., 2016). However, the compiled data in Figure 3.10 indicate that the 
dust source areas were always dominated by C4 vegetation and were not noticeably 
depleted in the mid-Holocene relative to the late-Holocene. This pattern is also 
noticeably absent in the cores of Tierney et al. (2017) except core GC68; this core 
shows a pronounced mid-Holocene minimum in δ13C (C30 FAME; location in Figure 
3.2). The reason GC68 shows a mid-Holocene δ13C shift and other cores do not may 
be related to local-scale variations in the delivery of wax lipids and climate. For 
example, the cores of Tierney et al. (2017) show a covariation of peaks in 
shelf/slope/riverine grainsize endmember and peaks in reconstructed precipitation 
during the AHP (except GC27; McGee et al., 2013; Tierney et al., 2017). This 
suggests that during the AHP wax lipids were delivered by rivers, not dust, so that 
the δ13C of FAMEs measured are representative of vegetation in local catchments, 
not distal dust sources, and so might be expected to show more local variability. 
 
The site of GC68 is located close to a major ancient river system that was active 
during the AHP (Skonieczny et al., 2015) which may have integrated and drained a 
wide catchment and been a richer source of organic material than the 
fluvial/shelf/slope inputs further north. Alternatively, it may be that there is a lag in the 
δ13C signal such that the minima in δ13C has been shifted to the late-Holocene in 
other cores, due to the continued supply of mid-Holocene aged wax lipids. For 
example, if the northerly cores (GC49, -37, -27) have been more strongly influenced 
by resuspended slope sediments, as indicated by their higher proportion of the 
riverine/shelf/slope grainsize end-member at the AHP than GC68 (McGee et al., 
2013). Thus at this level of temporal resolution the potentially quite ancient nature of 
terrestrial wax lipids may be important to consider (Eglinton et al., 1997; Vonk et al., 
2019). This indicates that near ocean margins individual river catchments/shelf 
sources can play a strong part in controlling the δ13C signal recorded. A lag between 
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precipitation and vegetation changes may also occur due to an intrinsic response 
time for the vegetation assemblage; this idea is supported by data from core 
GeoB7920-2 (approximately the same location as ODP658C; Figure 3.2). A clear 
offset exists between increased AHP precipitation (~8 ka), indicated by δD (Figure 
3.7c), and the minima in δ13C at ~3-4 ka (Dupont and Schefuß, 2018; not shown). At 
dust dominated sites (e.g. JC094 mid-ocean cores) the wax lipids will probably 
always be biased towards C4 plants because a degree of aridity is a requisite for a 
dust sources (Maher et al., 2010). So, wax lipids reaching the remote ocean must 
necessarily come from arid areas, potentially less affected by the changes in 
vegetation and hydrology during the AHP, hence the lack of a mid-Holocene 
decrease in δ13C. 
 
Considering all the data compiled here, there is no simple link between δ13C of wax 
lipids and the precipitation during the African humid period, suggesting caution 
should be used when interpreting δ13C records in terms of hydrological changes 
(Collins et al., 2011).   
 
3.6.3.2 Summer dust or South American influence in the western Atlantic? 
 
The slightly more depleted δ13C values at site S0172 (western Atlantic) during glacial 
times may reflect either (1) a higher proportion of C3 plant cover in dust source 
areas that emit summer time dust, compared to those supplying dust further south to 
S0065 (and to a lesser extent, potentially, S0100) during winter (Engelstaeder et al., 
2006; Ridley et al., 2012), (2) a change in the location of summer dust-source areas 
at the LGM to regions with more C3 vegetation cover, or (3) a small amount of 
influence of South American C3 dominated material. 
 
The increased contribution of west African summertime dust sources to core S0172 
(around PSA3 Figure 3.1; Prospero et al., 2002; Engelstaedter et al., 2006; 
Engelstaedter and Washington, 2007; Ridley et al., 2012), would not be expected to 
carry a higher C3 signal, given the expected higher proportion of C4 plants moving 
further north into the Sahara (Still and Powell, 2010; Bocksberger et al., 2016). 
Equally, a change in summer dust sources would presumably require a change in 
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the location of dust emission and wind patterns. However, Sarnthein et al. (1981) 
suggest that the position of the axis of the Saharan Air layer has stayed 
approximately constant back to 18 ka. Thus the lower δ13C at S0172 may be best 
explained if the site received a small amount terrigenous input with a C3 plant 
signature from the South American continent. This could explain the lower δ13C 
values (until the late-Holocene where the data converge with S0065), as well as the 
reduced LGM to late-Holocene δ13C difference. Given that the δ13C values converge 
at the late-Holocene this extra input from the South American continent would have 
to be restricted to prior to the late-Holocene.  
 
A mass balance model, with an Amazonian end-member value of -34 ‰ (Maslin et 
al., 2012; Häggi et al., 2016) and an African LGM end-member of 23.5 ‰ indicates 
up to ~14% potential contribution of Amazonian/South American material to S0172 
at the LGM. Although not an insubstantial fraction, the low absolute terrigenous 
fluxes to this site mean that that only ~0.4 g m-2 yr-1 terrigenous material is required 
to impart such a δ13C signal. It seems plausible that S0172 could receive such a 
small absolute terrigenous contribution from the South American continent, 
particularly at the LGM when riverine material may be delivered to the shelf edge 
and when turbidites were active around the Demerera Rise and Orinoco Channel 
(Gonthier et al., 2002). This may explain the δ13C shift of smaller magnitude, but of 
the same sign as the other cores from LGM to late-Holocene. 
 
An alternative interpretation is that the larger LGM to late-Holocene δ13C changes 
seen at sites receiving winter dust (likely dominated by dust from the Bodélé region) 
indicates that the vegetation in those source regions changed more from the LGM to 
the Holocene than did areas of the Western Sahara supplying core site S0172. This 
might be expected given that dust sources currently located in the Sahara may have 
a reduced response to further aridification compared to those sources that lie closer 
to the Sahel. A link between the degree of temporal δ13C change and the wind 
systems supplying dust is supported by the fact that S0100, which (in the mid-
Atlantic) likely receives some mixture of summer and winter dust (likely dominated 
winter dust). S0100 shows a smaller δ13C change than S0065, but a larger change 
than S0172, in line with larger changes in the more southerly trade wind delivered 
winter dust and the potentially less variable summer sourced dust. This fits, to some 
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degree, with the fact that Chapter 2 highlights larger 232Th flux changes at S0065 
and near S0100 under the influence of predominantly winter/Bodélé dust, more so 
than northernly sites such as S0172, indicating a potential link between the size of 
vegetation changes and the size of changes in dust deposition. Further studies of 




The magnitude and spatial pattern of 230Th-normalised n-alkane flux delivered by 
dust has been quantified in the tropical Atlantic from the LGM to late-Holocene. The 
strong east to west gradient in n-alkane fluxes verifies that n-alkanes can be used as 
a dust proxy. However, I have shown that the ratio of n-alkane/232Th is variable with 
distance from the dust source and is sensitive to climate variations on millennial and 
glacial-interglacial timescales. Combining n-alkanes and 232Th can allow for an 
analysis of the response of vegetation to hydrological changes, and potentially to 
trace specific sources of terrigenous material.  
 
It has been established that shifts in δ13C of n-alkanes may be interpreted in a 
number of non-exclusive scenarios. In this study I have demonstrated the 
applicability of compound specific δ13C measurements in determining the 
provenance of terrigenous material in ocean sediments. I suggest that where a 
strong phytogeographical, and therefore geochemical, gradient exists between 
terrestrial sediment sources, the relative contribution of each source to marine 
sediments may be determined using this isotopic tracing method. I show that dust 
source regions in Africa are dominated by C4 plants currently and likely have been 
since before the LGM, as is expected for arid environments. This strong C4 signal 
precludes any existence of South American terrigenous material in the eastern 
tropical Atlantic, and places a broad limit on the influence of the South American 
margin during the low sea-level of the LGM. This organic approach may be applied 
in combination with inorganic approaches that use radiogenic isotopes to build a 
more robust and complete picture of terrigenous provenance in marine settings. 
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The ~ 2 ‰ LGM to late-Holocene shift in δ13C of n-alkanes recorded in the distal 
sediment cores receiving primarily winter dust, and reproduced by literature data, 
likely reflects changes in the vegetation type in, or close to, the dust source areas 
(atmospheric δ13C change between LGM and Late Holocene is <0.1 ‰, and is in the 
opposite direction; Broecker and McGee, 2013). This is in contrast to previous 
interpretations that suggest changes in dust input from a northern dust source richer 
in C3 plants (Kuechler et al., 2013). The shift in vegetation reconstructed here could 
have been manifested as a southward shift, or expansion, of C4 desert vegetation, 
with only 2-3 % woody plants cover, into regions of the Sahel that currently support 
up to ~20% woody plant cover (wooded-grassland type environments). This 
vegetation change is consistent with other studies that suggest that there was a 
southward shift of the Sahel-Saharan boundary (Collins et al., 2013). This 
consistency suggests that during the LGM, stronger winds over the Bodélé 
depression (Washington et al., 2006) and dust emission (Chapter 2) in these areas 
occurred concurrently with changes in vegetation in, or close to, these areas. This 
suggests a link between climate state, vegetation type and dust emission. That this 
LGM to late-Holocene vegetation change is muted in core S0172, receiving summer 
dust, may reflect the fact that the summer dust sources saw less change in 
vegetation type over the deglaciation. Alternatively a small (<15%) and variable 
amount of South American derived C3 material from turbidites may help to explain 
the offset and different signal in core S0172.  
 
In both new and compiled data, evidence for a mid-Holocene reduction in δ13C is 
variable. I suggest that this is mainly due to the strong control of local river 
catchments on the lipid signals for coast proximal cores during humid intervals and a 
potential lag in vegetation changes in response to precipitation changes (e.g. Dupont 
and Schefuß, 2018). The possibility remains that n-alkanes are not 
contemporaneous with the marine sediments with which they are laid down (e.g. 
Eglinton et al., 2002); this offers an alternative explanation for how a mid-Holocene 
δ13C minimum may have been shifted to the late-Holocene. For distal cores, dust 
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The flux of nutrients from continents to the oceans is key to sustaining a portion of 
oceanic primary productivity, constituting a fundamental component of the carbon 
cycle. In certain regions of the world’s oceans primary productivity is limited by the 
lack of one or more nutrients. In particular, some micronutrients derived from 
lithogenic material, such as iron, can become limiting in the open ocean due to low 
solubility and relatively low input fluxes, leading to short oceanic residence times. 
The flux of nutrients from glaciated continental regions in the high latitudes has 
recently been suggested as an underappreciated source of nutrients, including Fe, to 
the high latitude oceans. Yet uncertainty remains regarding the magnitude and 
spatial variability of nutrient fluxes emanating from glaciated continental margins, 
and whether or not fluxes of nutrients reaching the open ocean are appreciably 
elevated by glacial processes. In order to provide quantitative constraints of the flux 
of lithogenic material reaching the high-latitude North Atlantic Ocean we present 
depth profiles of dissolved 232Th/230Th crossing the southwest Greenland margin and 
underway surface sampling of particulate 232Th concentrations. Our results show a 
correlation between low-salinity waters (derived from glacial melting) and particulate 
and dissolved 232Th concentrations, confirming a glacial source for this lithogenic 
isotope. Compared to open-ocean settings particulate and dissolved 232Th 
concentrations are high across the study area, while estimates of dissolved 232Th 
fluxes show that lithogenic supply increases towards the continent and with water 
depth. Although much higher than open-ocean settings, 232Th fluxes from this study 
are not appreciably higher than other margin sites, or those influenced by the 
Amazon river. However, the strong lateral gradients in thorium concentrations away 
from the margin mean that eddy diffusivity may act to bias flux estimates towards 
lower values; therefore the estimates presented here likely represent a minimum.  
Extrapolation to fluxes of dissolved Fe reveals a source of Fe that can reach past the 
continental slope towards the open ocean, aided by the local hydrography and 
hydrodynamics. Furthermore, this Fe flux is large enough to support much of the 
local primary productivity. Our data and calculations suggest that glaciated 
continental margins can supply significant amounts of lithogenic material to the 
ocean, with fluxes similar to sites influenced by aeolian dust or major rivers. 
Nutrients associated with these terrigenous fluxes may therefore play a key role in 
supporting primary productivity in high latitude coastal oceans and beyond.  
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4.1 Introduction 
4.1.1 Nutrient limitation, terrigenous fluxes and glaciation 
 
The amount of carbon fixed in the surface ocean by marine phytoplankton and 
exported to depth is a key variable in the global carbon cycle, and as such has been 
implicated in dramatic changes of the Earth’s climate during the recent geological 
past, such as Pleistocene glacial-interglacial transitions (Martínez-García et al., 
2014; Anderson et al., 2014). This part of the carbon cycle is also important when 
considering the present and future rapid changes in climate resulting from 
anthropogenic activities (IPCC, 2019). One important factor regulating carbon 
exported to depth (export productivity) is the availability of macro and micronutrients 
in the appropriate ratios for phytoplankton growth (Moore et al., 2013). In certain 
regions of the ocean, one or more key nutrients may be depleted and thus are 
considered limiting to primary productivity (Moore et al., 2013). The alleviation of 
nutrient limitation in parts of the ocean is hypothesised to have been responsible for 
up to ~1/2 (e.g. Watson et al., 2000; ~40 ppmv) of the glacial-interglacial change in 
atmospheric CO2. 
 
Most global productivity is supported by the recycling of dissolved nutrients to the 
ocean surface from deeper waters (Moore et al., 2013); additional inputs of nutrients 
from external sources have the potential to increase net primary production and 
export production. Recently the role of glaciers and ice sheets in providing parts of 
the high latitude oceans with nutrients has been suggested as a mechanism by 
which nutrient limitation might be relieved (Bhatia et al., 2013; Wadham et al., 2019). 
High inputs of macro and micronutrients from the Greenland Ice sheet have been 
measured at glacial outflows (Hawkings et al., 2014; Hawkings et al., 2016), which 
contain a disproportionate amount of bioavailable material compared to other 
settings (Hawkings et al., 2018; Shoenfelt et al., 2019). 
 
However, the ability of glacially derived nutrients to relieve nutrient limitation 
depends on two key factors. The first of these is the status of the phytoplankton 
community with respect to nutrient limitation: any nutrients that are delivered will not 
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stimulate new productivity unless they include the currently limiting nutrient, or co-
limiting nutrients. For example, as much of the ocean is limited by nitrate (Moore et 
al., 2013), additional fluxes of Fe or phosphate will not increase primary productivity. 
Limitation may also be induced by other factors such as light availability (Oliver et al., 
2018). Secondly, waters carrying the nutrients from the glacial terminus, must be 
transported to the open ocean where nutrient-limited phytoplankton exist (Arrigo et 
al., 2017; Hopwood et al., 2018) before the nutrient load is removed from the water 
column by other processes. 
 
There is evidence that phytoplankton in the Irminger and Iceland basins, east of 
Greenland, are limited by Fe (Hopwood et al., 2018, and references therein). 
Conversely, data from the Greenland margin and the Labrador sea show excesses 
of Fe relative to nitrate (Hopwood et al., 2018; Tonnard et al., 2020), suggesting 
nitrate is the more limiting nutrient. Silicic acid, rather than Fe, appears to limit 
diatom growth during the spring bloom across parts of the sub-polar North Atlantic, 
including at the outlet of Godthåbsfjord, close to Nuuk, Greenland (Krause et al., 
2019). Additionally it has been suggested that light limitation is important during 
certain times of the year (Oliver et al., 2018). A recent study indicates high 
chlorophyll concentrations and diatom communities that are moderately productive 
close to Nuuk, Greenland (Hendry et al., 2019a), despite the low macronutrient 
concentrations. Similarly, Tonnard et al. (2020) link the depletion of nitrate relative to 
Fe at the Greenland margins to the strong bloom and high chlorophyll 
concentrations. These results hint towards phytoplankton at the Greenland margins 
that depend on a substantial supply of nutrients to maintain productivity, and may be 
limited by macro-, rather than micronutrients. Part of the macronutrient supply may 
arise from upwelling of deep, nutrient rich, water (Hopwood et al., 2018; Cape et al., 
2019) or diapycnal diffusivity (Painter et al., 2014). Convective mixing is thought to 
account for a significant flux of Fe to the surface in the Iceland and Irminger basins 
(Achterberg et al., 2018). The stratified nature of the hydrography on the west 
Greenland margin, due to fresh surface waters (Rysgaard et al., 2020), has led to 
suggestions that upwelling of nutrients here is less likely (Arrigo et al., 2017). 
 
There is currently uncertainty regarding the export of nutrients to the open ocean, 
from glacial regions (Wadham et al., 2019); some nutrients are expected to behave 
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conservatively during estuarine mixing, whilst others are highly non-conservative 
(Hopwood et al., 2020). Removal of Fe across salinity gradients in estuarine 
environments may be >90% (Poulton & Raiswell, 2002 and references therein); 
similar removal has been observed or assumed in Arctic fjords (Hopwood et al., 
2020, and references therein). Despite the large proportion of dissolved Fe that is 
removed in fjords, Fe concentrations at the fjord outlets can be several times larger 
than in the nearby coastal oceans (Hopwood et al., 2016; Tonnard et al., 2020), 
suggesting that a vestige of the nutrient-rich melt waters is transferred to the open 
ocean. Some studies argue that the length scale of nutrient transport is not long 
enough to make Fe fluxes from Greenland important for open ocean ecosystems in 
the North Atlantic (Hopwood et al., 2015). Because there have been few quantitative 
assessments of lithogenic nutrient flux in the open oceans close to ice sheets, 
uncertainty regarding their importance in supplying these nutrients remains.  
 
Terrigenous fluxes from the west Greenland margin have been estimated by remote 
sensing of suspended sediment in fjords (Overeem et al., 2017). These estimates 
indicate a substantial flux around Nuuk of ~8.6x1010 kg (86 Tg/yr), ~60% of which is 
accounted for by the Sermeq glacier. This flux is in the top ~3% of rivers in the 
Land2Sea database (or ~10% of Amazon river sediment flux, Peucker-Ehrenbrink, 
2018) and ~40-60% of the depositional flux of Saharan dust in the Atlantic (Yu et al., 
2019). An estimate of terrigenous flux from a nearby Holocene sediment core (HU 
HU87-033-008, 62.6oN, 53.9oW) gives a 230Th-normalised 232Th flux of ~240 µg m-2 
yr-1 (Vallières, 1997), as high as Amazon-river influenced sedimentation in the west 
Atlantic at the last glacial maximum (Chapter 2). These estimates from different 
approaches suggest terrigenous fluxes at the Greenland margin are substantial, and 
may be comparable to other regions of high terrigenous flux across the globe.  
  
Here we examine part of the debate by providing the first quantitative assessments 
of the dissolved lithogenic supply at the southwest Greenland continental shelf and 
slope using paired measurements of the lithogenic isotope 232Th and radiogenic 
230Th dissolved in seawater. Firstly, the concentrations and distribution of dissolved 
and surface particulate 232Th are determined to identify any links with glacial waters. 
The magnitudes and spatial patterns of dissolved 232Th fluxes are then calculated to 
quantify the lithogenic supply. Using this quantitative approach 232Th fluxes are 
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compared to other, non-glaciated, margins to assess if glacial processes 
substantially affect the lithogenic supply. On the basis of 232Th fluxes we estimate 
fluxes of dissolved Fe and consider their significance in the context of the measured 
phytoplankton productivity.  
 
4.1.2 Using 232Th/230Th to calculate lithogenic fluxes  
 
In order to calculate fluxes of the isotope 232Th derived from terrigenous material a 
residence time of dissolved thorium in seawater is required. Here we make use of 
the radioactive disequilibrium that exists between radiogenic 230Th and its parent 
isotope 234U as a result of the extreme contrast in solubility between these elements 
(Broecker et al., 1973; Hsieh et al., 2011; Costa et al., 2020). Because of its very low 
solubility 230Th is depleted in seawater compared to a secular equilibrium scenario. 
The degree by which 230Th is depleted can be related to the timescale by which it is 
removed. Assuming steady state and the negligible contributions of advection and 
eddy diffusion, the removal timescale for 230Th is equivalent to a scavenging 
timescale. This approach has been used to estimate fluxes of 232Th in the Atlantic 
and North Pacific by previous studies (Hsieh et al., 2011; Hayes et al., 2013; 
Anderson et al., 2016; Hayes et al., 2017b; Hayes et al., 2018a). The calculation of a 
residence time for thorium is given by Equation 4.1. The integration is carried out 
graphically, and the activities from surface to the first sample in a depth transect are 
assumed to be constant, as might be expected in the surface mixed layer. For 
profiles with the shallowest sample >50 m a surface 230Th concentration is estimated 
from the average of shallow samples from the other profiles to allow for integration to 
depth. λ230 is the decay constant of 230Th, and 230Th and 234U are the activities of 
each isotope per volume of seawater. Thxs refers to 230Th that is not derived from 
lithogenic material; this is estimated using the dissolved 232Th concentration and the 
ratio of 232Th/230Th in lithogenic particles (Roy-Barman et al., 2009). The residence 
time at a given depth z, (%&'() is combined with the integrated inventory of dissolved 
232Th (Equation 4.2) to estimate a flux of 232Th with respect to scavenging. This 
removal flux is balanced, in our steady-state assumption, by the supply from 

















	[JK		L:,	=>:M]   Equation 4.2 
 
NO	BCDE	 = 		232@ℎ	BCDE	 × 	QRRST/&' ×	VST/&'	[LK		L:,	=>:M] Equation 4.3 
 
Further steps may be taken to estimate the total lithogenic flux, although this 
requires knowledge of the poorly constrained fractional solubility of 232Th (Hsieh et 
al., 2011; Anderson et al., 2016). Alternatively the supply of other dissolved trace 
metals (e.g. Fe) can be estimated using the relevant ratios of abundance (in upper 
continental crust, UCCFe/Th) and solubility (SFe/Th; Equation 4.3; Hayes, Anderson, et 
al., 2018). For Fe, previous studies either assume a fractional solubility ratio of 1, or 
use estimates from leaching mineral dust (Hayes et al., 2015b; Hayes et al., 2017b; 
Hayes et al., 2018a), and use existing estimates of Fe/Th from the bulk or upper 
continental crust (Taylor and McLennan, 1995; Rudnick and Gao, 2003; Hayes et al., 
2013; Hayes et al., 2018a). 
  
4.2 Materials and methods 
4.2.1 Oceanographic setting of the southwest Greenland margin 
 
Shallow flow at the southwest Greenland margin is dominated by the West 
Greenland Current (WGC) that flows north-westwards, parallel to the coast, forming 
part of the sub-polar gyre (Myers et al., 2009). The WGC sits close to the shelf 
break, with a warmer saltier core lying off the break and a fresher colder portion lying 
over the shelf (Myers et al., 2009; Hendry et al., 2019a). The WGC is formed by the 
merging of the East Greenland and Irminger Currents near Cape Farewell at the 
southern tip of Greenland (Myers et al., 2009, and references therein). During the 
2017 DY081 cruise geostrophic velocities were measured to be on the order of 0.1-
0.3 m s-1 in the cores of the WGC. Similar magnitudes of velocity have been 
calculated by models (Saenko et al., 2014) and drifter measurements (Cuny et al., 
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2002). In addition to the strong mean flow, the study area is one of high eddy kinetic 
energy (Cuny et al., 2002), and eddies play an important role in budgets of heat and 
buoyancy along the west Greenland coast, moving heat and buoyancy delivered by 
the boundary currents further into the Labrador sea interior (Saenko et al., 2014). 
Labrador Sea Water (LSW) dominates mid-depths (500-2000 m; Holliday et al., 
2009), also flows northwards parallel to the coast and comprises ~1/3 of the total 
surface to seafloor measured flow close to Cape Farewell (Holliday et al., 2009). 
There is some evidence for a mid-depth (~700 m) anticyclonic recirculation further 
south in the Labrador sea, but this seems to be limited to the region further offshore 
than the 1000 m isobath (Lavender et al., 2000) (Figure 4.1). At deeper levels 
(~>1500 m; Holliday et al., 2009) the Deep Western Boundary Current system 
(DWBC) also flows northwest (Figure 4.1) and is of similar, but slightly lower, 
magnitude to flow in the LSW (Holliday et al., 2009).  
 
The hydrography (Hendry et al., 2019a) outlined in Figure 4.1 shows that the main 
variation between our sites is controlled by the balance of Greenland coastal water 
(CW), upper sub-polar mode water (uSPMW) (Rysgaard et al., 2020) and Denmark 
Strait overflow water (DSOW) (García-Ibáñez et al., 2018). Highest contributions 
from CW are seen <50 m water depth, increasing onshore around Nuuk, whilst 
uSPMW increases with depth to ~500 m, and with distance offshore and towards 
Cape Farewell. Below 500 m there appears to be a contribution from DSOW (or a 
similar water-mass; García-Ibáñez et al., 2018). All sites also show a strong 
thermocline with temperatures decreasing with depth to ~30-50 m.  
 
Measurements of chlorophyll concentration and diatom productivity during the 
DY081 cruise (Hendry et al., 2019a) indicate there is an active phytoplankton 
community off West-Greenland. Chlorophyll-a concentrations in the upper 20 m at 
Nuuk are 5 ± 4 mg m-3 (1W),	(close to the longer term spring bloom mean; Frajka-
Williams & Rhines, 2010) as high as many productive coastal upwelling zones 
across the global oceans (e.g. Gregg et al., 2005). Diatom productivity around Nuuk 
was measured to be similar to other northern hemisphere high latitude sites, and at 
the lower end of Southern Ocean estimates, still significantly elevated relative to low 
productivity gyres (Hendry et al., 2019, and references therein), with average 
productivity at Nuuk during DY081 being ~2x the global average biogenic silica 
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production rate (Nelson et al., 1995). These initial findings suggest that a relatively 
high supply of micronutrients may be required to sustain the high levels of 
productivity, and that as macronutrient concentrations are low in the surface waters, 

































Figure 4.1. a) Sample sites at the west Greenland margin during the DY081 cruise 
(this study, coloured symbols) and three sample sites from the GEOVIDE cruise 
Deng et al. (2018) (large black symbols). Small black dots indicate the location of 







isobaths are shown. b) The sampling grid off Nuuk; the 100 m, 250 m, 1000 m 
(dashed) and 2000 m isobaths are shown. Black dots show the location of Nuuk and 
the Sermeq Glacier (SG). Bathymetry and topography is shown by a colour scale. c) 
Hydrography of sampling sites and approximate end-member water-mass 
compositions from the literature: CW = Greenland coastal water, uSPMW = upper 
sub-polar mode water, DSOW = Denmark strait overflow water (García-Ibáñez et al., 



























4.2.2 DY081 cruise and sampling 
 
Seawater samples were collected during the DY081 cruise in July 2017 as part of 
the wider ICY-LAB project (Isotope CYcling in the LABrador sea; Hendry et al., 
2019). Water samples were collected using 10 L Niskin-X type bottles mounted on a 
stainless steel CTD frame. Samples (~5 L, n= 24) were taken from 7 separate CTD 
casts, with 6 of the 7 spanning the shelf and slope southwest of Nuuk, making up 
part of a larger high resolution sampling grid during the cruise (Hendry et al., 2019; 
Figure 4.1). The remaining cast was taken near Cape Farewell at the southern tip of 
Greenland. The samples off Nuuk are arrayed in two transects, roughly 
perpendicular to the coast, close to the Gothåb (Nuuk) Trough (Hendry et al., 
2019a). The Northern transect is ~60-100 km from the coast and the southern is 
~60-90 km from the coast.  
 
Samples were filtered into acid cleaned polypropylene jerry cans through 47 mm 
diameter 0.2 µm pore size Whatman	Cyclopore polycarbonate membrane filters 
(Fisher Scientific) encased in a filter housing. The three samples collected in cast 
CTD024 were filtered using a 0.45 µm pore size filter. Filters were used for multiple 
samples until the flow rate decreased appreciably, and then were changed using 
Milli-Q (MQ) water rinsed tweezers. Bottles were filtered in order from the shallowest 
to deepest site. After filtration samples were immediately acidified using ~5 ml of 
concentrated Romil UpA HCl and the lids sealed using parafilm. 
 
Surface particulate trace metal samples were collected while the ship was moving 
using a trace metal clean underway towed-fish apparatus, at a depth of ~5 m below 
the surface (e.g. Annett et al., 2017). Four litre samples of unfiltered seawater were 
collected under clean laboratory conditions into acid cleaned HDPE bottles. The 
samples were passed through 25 mm diameter Supor 0.45 µm filters at <5 pounds 
inch-2. Filters were then dried and stored frozen prior to analysis (Hendry, 2017).  
 
4.2.3 Laboratory procedures 
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Filtered seawater samples were processed at the University of Bristol in the Bristol 
Isotope Group (BIG) clean laboratory broadly following the procedures set out in 
Auro et al. (2012) and the adaptations by Ng (2016). The procedures were simplified 
to account for the fact that Pa was not analysed in the DY081 samples. An in-house 
purified FeCl3 solution was prepared following the procedure set out by Ng, (2016). 
The main acids used in the laboratory HNO3 and HCl were distilled in-house using 
Teflon stills. The other reagents used were Romil SpA grade, and MQ with a 
resistivity of 18.5 MΩ cm was also used.   
 
To briefly summarise the laboratory protocol, samples were weighed and spiked with 
known amounts of the (non-naturally occurring) isotopes 229Th and 236U from two 
separate spikes. At least 24 hours was left between spike addition and the addition 
of 1 ml FeCl3 (Anderson et al., 2012). Th and U were co-precipitated with Fe(OH)3 by 
the addition of concentrated (~20 wt%) Ammonia solution (Romil SpA or Fisher trace 
metal analysis grade). Supernatants were removed by peristaltic pump and the 
precipitates collected and digested using 10 M HCl. U and Th were separated using 
anion exchange column chromatography (Eichrom 1-X8 100-200 mesh resin); the Th 
fraction was further purified in an additional column step. Before analyses samples 
were subject to an oxidative step involving HClO4, H2O2, HF and concentrated HNO3 
to oxidise and fully dissolve the samples. Surface particulate samples were 
processed at Rutgers University, according previously established methods 
(Planquette and Sherrell, 2012; Annett et al., 2017); filters were totally digested on a 
hotplate using a mixture of HNO3 and HF. 
 
4.2.4 Mass spectrometry and data reduction 
4.2.4.1 Mass spectrometry methods 
 
Samples were analysed using a Neptune multi-collector inductively coupled plasma 
mass spectrometer following the same peak jumping routine for Th isotopes as Auro 
et al. (2012) following the protocols of Ng (2016). Samples were taken up in 1 ml of 1 
M HNO3 + 0.01 M HF and introduced using a CETAC Aridus desolvating nebulizer 
system. Each sample was bracketed by clean acid to monitor and correct the 
instrumental blank, and also by a thorium bracketing standard (Th-SGS) with known 
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isotopic ratios to correct for instrument mass bias and collector yield. Corrections 
were also made for the tailing of the larger 232Th beam on 230Th and 229Th by 
measuring at masses 230.5, 229.5 and 228.5 and using exponential interpolation to 
estimate a correction (linear interpolation was used when values at 229.5 and 228.5 
were 0 but values at 230.5 >0). Tailing corrections were typically <5% of the 230Th 
beam and not higher than 9% in a few surface samples (they were even smaller for 
the 229Th beam). Uncertainties based on the signal variability were propagated 
through all corrections. The measured 230Th concentration is corrected for the 
radioactive ingrowth of 230Th from 234U since the time of sample collection based on 
the 234U concentration and time elapsed between sample filtration and column 
separation and the equation for radioactive decay (Robinson et al., 2004; Anderson 
et al., 2012). The correction is typically ~0.4 fg kg-1 of 230Th. One sample (the 
penultimate from the bottom at CTD004) did not completely re-dissolve during the 
final oxidative step of laboratory work and consequently the 230Th beam was of too 
low intensity to provide adequate precision; 232Th is still reported for this sample. 
Particulate 232Th surface samples were analysed at Rutgers University by inductively 
coupled plasma mass spectrometry according to previously establish methods 
(Planquette and Sherrell, 2012; Annett et al., 2017); concentrations were quantified 
relative to standard solutions, correcting for procedural blanks.  
 
4.2.4.2 Quality assurance: blanks and standards 
 
Full procedural blanks (one or two per batch) for 232Th were 13 ± 16 pg (2W, n=7), 
with only one >15 pg and for 230Th were 0.3 ± 0.4 fg (2W, n=7), with one >0.4 fg. 
Blank corrections make up a maximum of 4 % and 5 % of the total analyte mass for 
232Th and 230Th respectively. Blanks were found to be improved by an additional HCl 
rinse of the anion exchange resin before column chromatography. A similar step 
using a mixture of HCl and dilute HF to remove Pa used by Ng (2016) was neglected 
for the first two batches of samples, however it seems the HCl involved in this resin 
cleaning stage is also an important factor in reducing the Th blank.  
 
A previously analysed thorium standard solution (WHOI SW STD; Ng, 2016) was 
used as a procedural standard, and treated in the same way as samples, (although 
not always subject to the Fe co-precipitation step). The isotopic ratio obtained from 
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measurements of this standard are within error of the long term mean of Ng (2016), 
whilst concentrations are up to ~3% higher for 232Th and ~4% higher for 230Th. These 
positive offsets may be due to evaporative loss of some of the standard solution. For 
the small volume of standard remaining (<10 ml) <400 µl of evaporative loss is 
required to bring the concentrations within error, and thus seems a plausible 
mechanism by which isotope concentrations might be offset, yet the isotopic ratio 
remain unaffected. In addition to the seawater standard, a thorium standard solution 
(ThB; Auro et al., 2012) was analysed multiple times during each analytical session 
in order to assess instrument performance. For each analytical session the average 
ThB 232Th/230Th ratio was <1 ‰ from the reference value (Auro et al., 2012). 
Procedural blanks for particulate 232Th were 2.8 ± 1.9 pg (1-18% of signal, mean 
6%).   
 
4.3 Results 
4.3.1 Surface particulate 232Th concentrations 
 
Surface particulate 232Th (p232Th) concentrations show a large range from 10 to 552 
pg/kg with an average of 118 ± 128 (1σ). High concentrations >300 pg/kg are seen 
at the Nuuk sampling grid and off Narsaq (~60oN, 47oW) (Figure 4.2), where low 
salinity waters are also present. Two correlations exist between salinity and p232Th 
dependent on longitude, with the relationship for samples collected <50oW showing 
a lower gradient than those collected >50oW (closer to Nuuk) (Figure 4.2). Both 
relationships converge around a salinity of 34 and p232Th concentration of ~75 pg/kg. 
Away from areas with low salinity close to the coast, particulate thorium 
concentrations are much lower (generally ≤20 pg/kg).  
 
4.3.2 Dissolved 232Th and 230Th concentrations 
 
Thorium-232 concentrations range from 54 to 360 pg/kg, with a mean of 138 ± 86 
(1σ). For each CTD cast highest values are observed in shallowest samples, and 
decrease from the surface to a mid-depth minimum around 500 m. CTD004 also 
shows small but consistent increases in the 4 samples from ~500 to 1050 m. Above 
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500 m concentrations of 232Th are highest closer to the coast for both transects at 
Nuuk (at a given depth). Both transects show a similar range of values.   
Three samples from CTD024 off the southern tip of Greenland, which were filtered 
using 0.45 µm filters, have similar values to those collected off Nuuk. Suggesting 
that filter pore-size may not cause much offset in filtered thorium concentrations in 
this setting (Anderson et al., 2012). 
 
Thorium-230 concentrations range from 0.9 to 4.5 fg/kg and generally increase with 
depth from the surface (Figure 4.3). Below ~100 m concentrations increase in a 
linear fashion, whilst above 100 m the gradient with depth is higher as 
concentrations decrease towards the surface. The shallowest sample at CTD004 (5 
m) is slightly higher than the two samples directly below (17 and 50 m). The two 
samples measured at the same depth at CTD004 (the only replicate analysis made 
in this study) are within 2σ uncertainty of each other. Below ~100 m at the northern 
Nuuk transect concentrations are slightly higher offshore (cf. CTD006 and CTD004), 
whilst concentrations are invariant with distance from the coast at the southern 
transect. Concentrations at Cape Farewell (CTD004) are similar to those at Nuuk for 
the same depths and also increase with depth. Shallower than 100 m the DY081 
data are similar to those reported from the GEOVIDE cruise (Deng et al., 2018), 
around 1-2 fg/kg near the surface, but below 100 m DY081 data are generally lower 
at equivalent depths, by ~0.5 fg/kg for data near Cape Farewell and by >1 fg/kg for 
stations in the central Labrador sea (Moran et al., 1997; Moran et al., 2002; Deng et 













Figure 4.2. a) Surface concentration of p232Th (pg/kg) is shown on the colour scale. 
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selected compilation of particulate 232Th concentrations in the upper 500 m, including 
high lithogenic input sites. Symbols denote the average, whilst bars show the range 
and ‘n’ is the number of samples. Data are from: the Weddell Sea (Venchiarutti et al., 
2011); the western tropical Atlantic (station 2; Hayes, McGee, et al., 2017); the 
Labrador Sea and near the Amazon outflow (Moran et al., 2002); the western 
Mediterranean (Gdaniec et al., 2018); the northwest African and northeast American 
margins (Hayes et al., 2018b). Colouring of symbols matches Figure 4.5. c) 
Correlations between salinity and p232Th for DY081 surface underway samples. 
Black symbols show samples collected at longitudes >50oW, whilst those in red 
<50oW. Dashed lines show linear regressions for each group of samples: >50oW 
gradient = -255, R2 = 0.67; <50oW gradient = -78, R2 = 0.85. d) Correlation between 























Figure 4.3. Concentrations of dissolved 232Th (left panel) and 230Th (excess; right panel) measured at Nuuk (yellow and red 
symbols) and Cape Farewell (magenta squares) during the DY081 cruise. In addition both panels show previously published data 







from the GEOVIDE cruise (black symbols, Deng et al., 2018). Only GEOVIDE data within the depth range of DY081 samples are 






















4.3.3 230Th derived residence times and 232Th fluxes  
 
Residence times of thorium (!Th) based on 234U-230Th disequilibrium range from 1.6 
to 6 yr, and generally increase with depth from the surface, although the shallowest 
three data from CTD004 show a reversal of this trend in the top 50 m (Figure 4.4). 
The three sites in the northern Nuuk transect show a spread in !Th at <100 m, with 
values converging below this depth.  
 
Dissolved fluxes of 232Th increase sharply with depth and range from 0.3-10 µg m-2 
yr-1 in the surface 50 m and 8-30 µg m-2 yr-1 at depths >300 m (Figure 4.4). Fluxes at 
each CTD site converge towards the surface and diverge at greater depths, with 
steeper gradients in the upper 500 m. At both Nuuk transects, below ~50 m, fluxes 
are higher closer to the coast. Fluxes from CTD024 (Cape Farewell) lie within the 
range of fluxes at Nuuk.  
 
4.4 Discussion 
4.4.1 High lithogenic signals linked to glacial waters 
 
The high p232Th concentrations shown in Figure 4.2 demonstrate that there are key 
areas of very high lithogenic particulate input at the Greenland margin. As might be 
expected, these particulate concentrations are greater than those observed in the 
open ocean, showing high amounts of lithogenic particles reach the waters overlying 
the continental shelf and slope. The high p232Th concentrations in association with 
low salinity surface waters presented here suggests a strong link between the input 
of glacially derived waters and of particulate lithogenic material (quantified by the 
relationships in Figure 4.2). This glacial link is supported by the strong correlation 
between "18O and salinity in surface waters (0-10 m; R2= 0.95), with low "18O in 
areas of low salinity, suggesting a high proportion of meteoric waters (Hendry et al., 
2019a).  
 
That there are two distinct trends also hints that the relationship between meltwaters 
and lithogenic material may depend on the specific sources and potentially 
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differences in glaciation style or the geomorphology and geology of fjord systems. 
The steeper gradient for samples >50oW (Figure 4.2) implies a higher lithogenic 
content of meltwaters derived from around Nuuk than from the sites further south 
and east. This is consistent with a recent study that calculated that the outlet from 
Sermeq glacier into Sermilik fjord, which is only ~50 km from our highest p232Th 
concentration site, is thought to contribute ~25 % of the suspended sediment flux 
from the entire Greenland ice sheet (Overeem et al., 2017). Indeed, satellite images 
during the time of the DY081 cruise, and at other times, show plumes of material 
emanating from the fjord towards our sampling sites (Figure S4.1). Variable geology 
may also impact the amount of lithogenic material eroded and 232Th exported. For 
example the Archaean rocks dominant in the area around Nuuk might have lower 
232Th concentrations than Palaeoproterozoic rocks around the southern tip of 
Greenland (Henriksen et al., 1995; Taylor and McLennan, 1995). Differences in 
geology may also impact the susceptibility to weathering and erosion in different 
glacial catchments. The steeper gradient in p232Th vs salinity around Nuuk suggests 
that higher sediment flux in this area (Overeem et al., 2017) controls the relationship 
between the two variables, outweighing potential reductions in the 232Th 
concentration. The association between low salinity surface waters and high 
lithogenic contents is also shown by the high surface dissolved 232Th concentrations 
around Nuuk (Figure 4.3). Moderate correlations between salinity (and "18O) and 
dissolved 232Th concentrations exists (for "18O, R2 = 0.53, slope = -292 pg kg-1/ ‰, 
two-tailed t-test p < 0.01, n = 24; Figure 4.2). 
 
The contribution of resuspended shelf/slope material to dissolved and particulate 
232Th signals is possible; however, the dissolved 232Th concentrations are at a 
maximum at shallower depths consistent with a major source at the surface. There 
are hints of a subsurface shelf/slope 232Th source at CTD004 and 009, where 232Th 
concentrations increase below ~500 m (though not to levels seen above ~250 m). 
Elevated turbidity is measured at ~170 m and 350-460 m, towards the head of the 
Nuuk trough (CTD16 and -15; Figure 4.1), but the signal is not seen at our sample 
locations further offshore (CTD8, -9, -10), or at the northern Nuuk transect (CTD4, -
6, -14; Figure 4.1). There is no indication of increased scavenging of 230Th at depth, 
as might be associated with sediment resuspension (Hayes et al., 2015c), Thus we 
are confident in the association between elevated surface 232Th and glacially derived 
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surface waters and conclude that the majority of particulate and dissolved 232Th is 
































Figure 4.4. Dissolved 232Th fluxes (left) derived from thorium residence times (right) and the integrated inventory of 232Th from 
DY081 (coloured symbols) and GEOVIDE cruises (black symbols; Deng et al., 2018). Residence times and 232Th fluxes from 
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4.4.2 Lithogenic signals at the Greenland margin in a global context 
 
4.4.2.1 232Th concentrations  
 
The highest DY081 p232Th concentrations from close to Nuuk and Narsaq are an 
order of magnitude, or more, higher than surface open ocean measurements from 
the Labrador sea (Figure 4.2; Moran et al., 1997, 2002). The average surface p232Th 
concentration oceanward of the 1000 m isobath at Nuuk, ~88 pg/kg, is high 
compared to previous surface measurements in the central Labrador sea, ~10 pg/kg 
(Moran et al., 2002).  
 
When compared to other regions with high lithogenic input, DY081 surface p232Th 
concentrations are still considerable. For example, in the western tropical Atlantic, 
close to the Amazon outflow, concentrations are 62-108 pg/kg (Moran et al., 2002) 
and in the western Mediterranean are up to 106 pg/kg at 100 m, although <50 pg/kg 
in general (filtered onto 1 µm filters; Gdaniec et al., 2018). At <200 m in the 0.8-51 
µm size fraction p232Th concentrations at the east Atlantic margin are <20 pg/kg, 
whilst those at the northwest Atlantic margin off North America are up to ~70 pg/kg 
(Hayes et al., 2018b). Close to the West Antarctic Peninsula similarly high p232Th 
concentrations, up to ~300 pg/kg, have been measured in waters ~200 m 
(Venchiarutti et al., 2011). 
 
These dissolved concentrations are also high compared the east Atlantic margin, up 
to 175 pg/kg, under the influence of high fluxes of Saharan dust (<50 m depth; 
Hayes, Anderson, et al., 2018) and as high as surface waters influenced by both 
dust and river inputs, up to ~230 pg/kg, from the western tropical Atlantic (Hayes et 
al., 2017b). Close to the glaciated West Antarctic peninsula 232Th concentrations are 
100-110 pg/kg at their subsurface maximum ~150-180 m water depth (Venchiarutti 
et al., 2011). The evidence, therefore, from both dissolved and particulate 232Th 
concentrations suggests a strong contribution of lithogenic material to seawater 
chemistry at the Greenland margin, comparable to other areas of high lithogenic 
inputs. This observation is consistent with satellite data, indicating a high input of 
suspended sediment from glacial outflows (Overeem et al., 2017). The GEOVIDE 
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sites GA01-60, -64 (Deng et al., 2018), are ~70-100 km offshore (Figure 4.1), 
oceanward of the 1500 m isobath, similar to, or slightly further offshore, than DY081 
sites at Nuuk. These GA01 sites show much lower surface dissolved 232Th surface 
concentrations, suggesting that the strong gradient in dissolved 232Th with distance 
from the coast seen in DY081 data is continued further offshore; waters with high 
lithogenic content may be confined quite close to the shelf, at least around Cape 
Farewell. The largest differences between DY081 and GEOVIDE data (Deng et al., 
2018) are seen towards the surface, further suggestive of a surface source of 232Th 
near at the margin (Figure 4.3). Around the West Antarctic peninsula and Drake 
Passage there are similar reversals in depth trend moving offshore, with differences 
of ~70 pg/kg in the upper 250 m (Venchiarutti et al., 2011). A similar difference 
between open-ocean and margin 232Th profiles has been predicted by modelling due 
to water mass exchange (Roy-Barman, 2009). The convergence of the most 
oceanward DY081 profiles with GEOVIDE sites at ~500 m water depth suggests that 
either scavenging acts to reduce the elevated 232Th by this depth or that the 
exchange of waters is strong at these depths. The increase in 232Th seen towards 
the bottom of some DY081 profiles (e.g. CTD004 Figure 4.1) is suggestive of an 
additional significant slope source.  
 
4.4.2.2 232Th fluxes 
 
The 232Th fluxes indicate a strong source of lithogenic material derived from the 
continent. Compared to fluxes calculated from the data of Deng et al. (2018) around 
Cape Farewell and the central Labrador sea (GEOVIDE cruise, assuming 238U = 
3.15 ng/g), DY081 data are elevated at all depths except the top ~50 m, where the 
data converge. For example, at 400-500 m data from Deng et al. are ~3-4 µg m-2 yr-
1, but from DY081 are ~8-24 µg m-2 yr-1 (Figure 4.4). Although the fluxes converge 
near the surface, as is typical for fluxes calculated by this method (Hayes et al., 
2013; Anderson et al., 2016; Hayes et al., 2017b), the pattern of increased fluxes 
near the coast is still apparent in the top 150 m. Below ~200 m the DY081 fluxes are 
up to ~3x higher (at equivalent depths) than those typically observed in the open 
ocean, which are <5 µg m-2 yr-1 in the South Atlantic and North Pacific (Hayes et al., 
2013; Deng et al., 2014) (Figure 4.5). This is not unexpected for a continental margin 
setting, but simply demonstrates that lithogenic fluxes at the west Greenland margin 
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are indeed elevated and that trapping of lithogenic fluxes in fjords is not complete. As 
an example, below ~500 m, the highest dissolved 232Th fluxes reconstructed for the 
Greenland margin are close to the mid-point of the total 232Th fluxes (i.e. 232Th in 
settling sediment) underlying the Saharan dust plume for sites in the tropical Atlantic 
(Rowland et al., 2017), showing the dissolved lithogenic flux at the sites presented 
here is considerable. 
 
For sites furthest from the shelf (CTD004 and CTD008) the DY081 232Th fluxes are 
comparable to other continental margins, but when considering the sites closest to 
the margin (CTD006 and CTD009) DY081 fluxes are higher (Figure 4.5). The 
dissolved 232Th fluxes from the western tropical Atlantic influenced by South 
American rivers and Saharan dust (Hayes et al., 2017b) are higher than those from 
this study at depths <100 m. The fluxes from the literature shown by Figure 4.4 are 
at sites where lithogenic inputs are influenced by the world’s largest dust sources 
(East Atlantic) and riverine sources (West Atlantic) of lithogenic material 
(Engelstaeder et al., 2006; Peucker-Ehrenbrink, 2009). Thus the 232Th fluxes at the 
west Greenland margin are comparable to those influenced by some of the world’s 
largest lithogenic sources. 
 
As the DY081 data are situated closer to the continent than those sites compiled 
from the literature, the 232Th fluxes at the Greenland margin might be expected to be 
even higher than those from other margin sites (e.g. the data from the east Atlantic 
Margin off Africa are >200 km at their closest vs ~40-50 km at the Greenland 
margin). However, the effects of water mass transport may act to bias the DY081 
estimates to lower values (as discussed in section 4.1.2). A 232Th flux estimate from 
a nearby Holocene sediment core (HU87-033-008, Vallières, 1997) is ~240 µg m-2 
yr-1, 8-20x higher than the dissolved flux calculated here (12-30 µg m-2 yr-1, 
considering the deepest integration depths only). This offset implies a fractional 
solubility of 232Th ~5-12%, within the range of previous estimates (~1-30%; Hayes, 
Anderson, et al., 2018, and references therein). The relatively good match in flux 
estimates suggests approximate consistency between the two methods. One further 
check on our flux estimates can be made using the suspended sediment flux 
estimated for glaciers around Nuuk from satellite data (86 Tg/yr; Overeem et al., 
2017). Assuming a trapping of 99% of sediment in fjords, 10.7 µg/g 232Th 
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concentration (Taylor and McLennan, 1985) and solubility 20% (Hayes et al., 2018a) 
yields a potential dissolved 232Th flux of ~1.8x106 g Th /yr. If spread over a square of 
1002 km2 (the approximate spatial extent of our sites at Nuuk) this yields a 232Th flux 
of 180 µg m-2 yr-1. This estimate is clearly to a first approximation and is sensitive to 
the area chosen (1502 km2 gives 80 µg m-2 yr-1), but demonstrates that our fluxes are 
close, within the uncertainties, to what might be expected from other methods of 
observation.  In summary, the quantitative comparison made here places the 
minimum dissolved lithogenic fluxes at the Greenland margin amongst the highest 















































Figure 4.5. Compiled dissolved 232Th fluxes from sites with high lithogenic input across the global oceans. Brown and blue lines are 
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is a station in the tropical West Atlantic (Hayes et al., 2017b). Horizontal orange (Hsieh et al., 2011), light blue (Deng et al., 2014) 
and grey (Hayes et al., 2013) lines show open ocean estimates from the Atlantic and Pacific at fixed integration depths. The upper 
map in the right hand panel shows the compiled sites from the Atlantic with blue arrows showing estimates of terrigenous sediment 
input from the Amazon and Orinoco rivers (Peucker-Ehrenbrink, 2018), dust deposition (Yu et al., 2019) and glacial sediment input 



















4.4.3 Spatial gradients and water transport  
4.4.3.1 230Th: potential boundary scavenging? 
 
The linearity of DY081 230Th profiles (below ~100 m) is consistent with reversible 
scavenging type process dominating the cycling of 230Th in this region, similar to 
observations across other parts of the global oceans (Bacon and Anderson, 1982; 
Moran et al., 2002; Hayes et al., 2013). Below 100 m, the 230Th concentrations of 
DY081 samples are often slightly lower than GA01/GEOVIDE data (Deng et al., 
2018) at equivalent depths. Differences between individual samples from DY081 and 
GA01/GEOVIDE (Deng et al., 2018) are often small, <1 fg/kg, (close to the limit of 
detection between laboratories; Anderson et al., 2012). However, the average 
DY081 230Th concentration between 100-500 m (~2-3 fg/kg) is ~1 fg/kg lower than 
GA01 (~3-4 fg/kg; Deng et al., 2018). Thus the general pattern comparing data from 
each cruise suggests the presence of a boundary scavenging regime, whereby 
higher particle concentrations close to the continent lead to a gradient in 230Th 
concentrations (Hayes et al., 2015c). The differences in concentration between 
DY081 and GA01 data propagate into !Th  estimates; at depths <100 m values of !Th 
from DY081 samples are mostly similar to those calculated from the data of Deng et 
al. (2018), and begin to diverge at greater depths, with the differences generally 1-2 
yr at their maximum.  
 
4.4.3.2 Effects of lateral advection and diffusion 
 
The methods used in this study to calculate dissolved 232Th fluxes have previously 
been applied in open ocean settings (Hsieh et al., 2011; Hayes et al., 2013; Deng et 
al., 2014; Hayes et al., 2015b; Hayes et al., 2017b; Hayes et al., 2018a), which might 
reasonably be expected to be less affected by water transport than for the shallow 
and dynamic setting investigated here. It is important to consider the potential 
impacts of advection and diffusion on our flux calculations (Figure S4.3).  
 
For the lateral transport of water to be associated with net fluxes of Th, spatial 
gradients in 230Th and 232Th concentrations are also required. Around the southern 
tip of Greenland, concentration data from CTD024 and GEOVIDE sites show no 
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large difference in 232Th or 230Th compared to DY081 data near Nuuk. Therefore, at 
the rather coarse spatial resolution available, the data do not lead us to expect a 
significant net advected flux of Th along the coast. We would expect transport 
between CTD024 and sites near Nuuk (~700 km) in the WGC (~0.30-0.35 m/s; 
Hendry et al., 2019; Schmidt et al., 2007) to occur in around 25 days, much shorter 
than the residence time (with respect to scavenging; Figure 4.4) than we calculate. 
We therefore expect any transient concentration gradients that emerge—and 
associated net fluxes—between these sites to exist only over a ~25 day timescale, 
and to have minimal impact on the dissolved scavenging-based 232Th fluxes 
presented here which integrate signals on the timescale of years. 
 
Given the rapid transport in the coastal current systems, any persistent sources of 
232Th far upstream of our sample sites have the potential to influence 232Th 
inventories at our sample sites even further afield than Southern Greenland 
(transport distance for current speeds of 0.3 m/s in 1 yr are ~ 9500 km). In other 
words, the high 232Th inventories we observe (and scavenging fluxes derived from 
these) could be sourced from elsewhere. However, because the glaciers on west 
Greenland contribute a disproportionate amount of sediment flux from Greenland 
(Overeem et al., 2017), it seems more likely that the 232Th at our sites would be 
biased low by upstream waters with lower 232Th, and would mean our estimates of 
scavenging 232Th flux are biased low. If the high 232Th concentrations at our sites 
were derived from upstream of our sites, we might expect a consistent pattern of 
other radioisotopes in the 232Th decay series measured during DY081 (Hendry et al., 
2019b). However, these isotopes (228Th, 224Ra) show a spatially heterogenous 
distribution between Cape Farewell and our sites near Nuuk, with 228Th notably 
enriched near Nuuk. These patterns are therefore more consistent with spatially 
heterogenous inputs of terrigenous material, and hint that local processes may 
control the patterns of lithogenic isotopes.  
 
On the whole, because the environment upstream of our sites is similar to our 
sample sites (i.e. coastal current systems around Greenland receiving similar glacial 
inputs), as we do not observe any 232Th gradients (with the available data), and as 
other 232Th-series isotopes are heterogeneously distributed it seems likely that our 
scavenging fluxes based on 232Th inventories may still depict reasonable local 
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estimates of lithogenic inputs. This conclusion would benefit from further spatially 
and temporally resolved studies of lithogenic inputs along the Greenland coast and 
modelling of 232Th transport.  
 
On the other hand the prevailing spatial gradients in 232Th and 230Th approximately 
perpendicular to the coast (across the shelf) combined with the high eddy activity 
close to the sample sites at Nuuk (Cuny et al., 2002; Prater, 2002; Lilly et al., 2003; 
Funk et al., 2009) may lead to fluxes of 230Th onshore and 232Th offshore. We 
estimate the length scale, "#, over which eddy diffusivity may be relevant for our 
calculations as "#	=	(2)H!Th)1/2, ~300-600 km for our sites, after Hayes et al. (2013). 
A conservative value of horizontal (isopycnal) eddy diffusivity, )H, is estimated as 
~1000 m2/s (Funk et al., 2009; Abernathey and Marshall, 2013). Higher values ( 
>1800 m2/s) that may be more representative of the high eddy kinetic energy region 
closer to our sample sites in the Labrador sea are presented by Funk et al. (2009); 
however, using 1000 m2/s will give a minimum diffusive length scale. We 
approximate the diffusion timescale using !Th (~2-6 yr; note the calculation of !Th 
assumes no diffusive flux). Even for the shortest !Th and lower estimate of )H		the 
length scale calculated is larger than the distance between sampling sites at Nuuk. 
For 230Th, a flux towards coasts has been observed at continental margins (Hayes et 
al., 2015c; Costa et al., 2020) and predicted elsewhere by ocean circulation models 
(Henderson et al., 1999), as a result of boundary scavenging. These estimates 
suggest that the removal flux of 230Th from the water column may be increased by up 
to ~40% of the production flux at margin sites (i.e. removal flux/production flux ~ 1.4), 
due to lateral fluxes of 230Th. If this situation is representative for margins more 
generally, !Th presented here could be overestimated by a factor of ~1.4; apparent 
232Th fluxes would be ~0.7x their true value (i.e. 1.4-1).  
 
The strong offshore gradient in 232Th concentrations, especially at <250 m depth, 
could lead to a diffusive flux of 232Th offshore. A constant diffusive flux in the surface 
250 m, ()H	"Th	"#-1	~2x105 µg m-2 yr-1), is calculated given the linear gradient in 
232Th with distance offshore (~5.8 pg/kg km-1) over our Nuuk transect, assuming 
constant eddy diffusivity of 1000 m2/s (Figure S4.2). Diffusive fluxes >250 m water 
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depth are likely substantially lower due to the lower gradient (2.2 pg/kg km-1) and 
likely lower eddy diffusivity with depth (Funk et al., 2009).  
 
A further point of consideration is the size of eddy features compared to our sample 
site spacing: if eddies are larger than our sampling spacing, then transport of thorium 
will occur by advection between sites. For example, Irminger ring type eddies 
forming near the west Greenland coast, moving into the Labrador Sea interior within 
months, are 40-50 km in diameter, similar to our Nuuk transect length (Kawasaki and 
Hasumi, 2014). Other eddy types have diameters of ~10 km, slightly less than the 
distance between our sites (Kawasaki and Hasumi, 2014). Hvid Ribergaard et al. 
(2004) model the existence of a permeant anticyclonic eddy ~30 km diameter (mean 
speed = 0.05-0.1 m/s) very close to the northern sites of our Nuuk transect. By 
applying characteristic speeds for these eddies we estimate that if advection occurs 
then fluxes could be ~1x105 to 2x106 µg m-2 yr-1 (depending on the sample site and 
current speed; Supplementary Material). 
 
Calculating an absolute flux, by multiplying through the approximate cross sectional 
area of our Nuuk sites (250 m x 100 km), and normalising this to the surface area 
around our Nuuk sites ~1002 km2, allows for a rough comparison between our 
vertical scavenging fluxes and the potential horizontal fluxes (Figure S4.3; Table 
S4.2). The diffusive fluxes are ~500-750 µg m-2 yr-1 when thus scaled, much larger 
than the vertical scavenged flux, indicating that the dissolved lithogenic flux diffused 
offshore may be significant in the context of other fluxes (these normalised flux 
estimates are sensitive to the area chosen; Supplementary Material).  
 
The large reduction in offshore 232Th gradient indicated by literature data (Moran et 
al., 2002; Deng et al., 2018) suggests that lateral fluxes—advective or diffusive—
would be lower between the shelf and the open ocean, than those we calculate 
across the shelf, although eddy diffusivity/eddy speed may well increase away from 
the shelf and compensate to some degree (Funk et al., 2009; Luo et al., 2011). One 
further consideration is that isopycnals at the Nuuk sampling grid slope downwards 
towards the coast/slope (Figure S4.4) such that the effect of higher 230Th advected 
from the open ocean may be lessened because 230Th concentrations increase 
strongly with depth as a result of reversible scavenging. These sloping isopycnals 
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may be important for the movement of relatively high concentrations of 232Th at 
depth close to margins (e.g. CTD004 ~100 pg/kg at 500 m), towards the surface 
further offshore.  
 
In summary, significant transport of dissolved (and particulate) 232Th offshore is 
possible in advective or diffusive regimes when combined with the strong offshore 
232Th gradient measured here. Although poorly resolved, gradients in 230Th at this 
margin setting are expected to lead to diffusive fluxes of 230Th onshore. We expect 
that neglecting this effect could lead to scavenging-based 232Th fluxes ~70% of their 
‘true’ value at our sample sites close to the coast (only accounting for 230Th bias; 
Costa et al., 2020). Bias in our 232Th flux estimates will also depend on whether or 
not lateral fluxes affect the 232Th inventory (Supplementary Material) which is harder 
to assess, but could also lead to underestimates of 232Th fluxes if there is an 
additional net removal of 232Th offshore. This analysis confirms that our scavenging 
based estimates likely represent the minimum scavenging flux of 232Th at the west 
Greenland margin.  
 
4.4.3.3 Depth trends of 232Th flux  
 
In addition to lateral transport, the significant vertical gradients of each isotope may 
lead to vertical diffusive fluxes (Table S4.1), with consequences for our 232Th flux 
estimates. Additional supply of 230Th from depth would mean residence times are 
underestimated at the surface, potentially explaining low surface fluxes, especially 
because the 230Th vs depth gradient is strongest between ~0-250 m (0.0082 fg/kg m-
1; Figure S4.2). Using a vertical diffusivity estimate from the east Greenland shelf, 
0.48 cm2/s (Painter et al., 2014), yields a flux of 230Th of only ~9% the production flux 
in the upper 250 m (Table S4.1), but up to 4.5x the production flux in the upper 5 m 
(!Th 5.4-1.09x over estimated in upper 250 m). Therefore vertical diffusion can lead 
to exaggerated 232Th flux trends, especially at shallow depths, and 232Th fluxes could 
be ~5.4-1.09x higher (in the upper 250 m) than we record. The diffusive effect 
decreases with depth and cannot explain the several fold increases in 232Th flux 
lower in the water column (Figure 4.4). Because of the surface maxima in 232Th, 
vertical diffusion could lead to an additional removal flux for this isotope away from 
the surface. Applying the same vertical diffusivity and measured gradients in 232Th in 
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the top 500 m (where gradients are highest, 0.14-0.49 pg/kg m-1) these fluxes, 0.2-
0.8 µg m-2 yr-1, are similar to the very surface 232Th scavenging fluxes, but small 
compared to those >50 m. Thus vertical diffusion acts in the opposite sense for each 
isotope, but leads to underestimates of 232Th fluxes in each case. 
 
Hayes et al. (2017) suggest non-steady state removal of 230Th (and 232Th ) by high 
fluxes of particles in the euphotic zone (with subsequent remineralization at depth) 
may account for strong the vertical trends in !Th and 232Th flux in the surface ocean. 
However, given that our 232Th flux profiles continue to increase throughout the depth 
profiles, and the maximum fluorescence seen at our sites generally occurs ~15 m,  
this process also seems unable to explain the flux trends with depth at our sites. 
Changes in the colloidal 232Th fraction have been suggested as an explanation for 
the 232Th flux depth trends (Hayes et al., 2013). In some regions colloids are unable 
to explain 232Th flux depth-trends (Hayes et al., 2017b); however, we note that the 
speciation of 232Th from glacially processed lithogenic material may be different to 
232Th from other lithogenic sources (e.g. dust or rivers). This has been demonstrated 
for Fe in glacial meltwaters, which is enriched in the colloidal fraction (Hawkings et 
al., 2014).  
 
4.4.4 Fe fluxes and biological requirements 
4.4.4.1 Fe fluxes at the west Greenland margin and globally 
 
The dissolved supply of thorium has been used to estimate dissolved Fe fluxes 
across a range of oceanographic settings including the tropical Pacific, western 
tropical Atlantic and across the North Atlantic (Hayes et al., 2013; Hayes et al., 
2015b; Hayes et al., 2017b; Hayes et al., 2018a), These studies have mainly 
focussed on assessing aeolian supply to open ocean areas. The approach uses the 
assumption that both Fe and 232Th are supplied from the same source with a fixed 
ratio, and have similar oceanic cycling. In this glacial margin setting the source of 
232Th is dissolution of lithogenic material, so we assume an Fe/Th ratio of 3271 g/g 
typical for the upper continental crust (Taylor and McLennan, 1995). For the area 
around Nuuk, the presence of dominantly Archaean rocks (Henriksen et al., 1995) 
means the ratio may be substantially larger (>10000 g/g; Taylor & McLennan, 1995), 
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which would lead to Fe fluxes being underestimated. If the supplies of Fe and Th are 
decoupled then this method will under or overestimate the fluxes of Fe, for example, 
if more 232Th is supplied from fjords/rivers than Fe, (e.g. due to Fe uptake in the 
fjords). Whether or not the advective/diffusive supply of 232Th and Fe is important will 
depend on their relative lifetime in the water column compared to the time scales of 
water mass transport or the input of melt waters from glaciers. As meltwater 
transport offshore is shorter than the ~2-3 yr !Th estimated for thorium in the surface 
waters (months rather than years; Luo et al., 2016) then any 232Th that does escape 
removal in fjords may be transported offshore. There is also the possibility that Fe 
and Th are not released congruently from the lithogenic source. The ratio of Fe/Th 
fractional solubility has been estimated as 1 in earlier studies (Hayes et al., 2015b) 
but with a range of 0.2-1.6 (including uncertainty) by other recent studies considering 
supply by dissolution of aeolian dust (Hayes et al., 2018a). Despite the uncertainties, 
thorium derived flux estimates provide valuable initial constraints on the supply of Fe 
at the west Greenland margin, and represent a first approximation for this important 
region. 
 
Figure 4.6 shows the range of Fe fluxes estimated using solubility ratios of 0.4 to 1.3 
for the depth resolved sites at Nuuk. The Fe fluxes estimated follow the patterns of 
232Th fluxes, as is expected by the method of calculation, and are likely conservative, 
being derived from 232Th fluxes, which are likely minimum estimates in this setting. 
The average Fe flux across all sites ranges from 16-52 mg m-2 yr-1 (290-930 µmol m-
2 yr-1) for solubility ratios of 0.4 and 1.3 respectively. In the following discussion all 
estimates are presented using a solubility ratio of 1 and Fe/Th ratio of 3271 g/g to aid 
comparison, these may differ from those presented by original studies. In the North 
Pacific Hayes et al. (2013) report Fe fluxes influenced by Asian dust of ~15 mg m-2 
yr-1 at 500 m; the DY081 Fe fluxes (326-500 m) are 26-79 mg m-2 yr-1. Surface 
waters influenced by low salinity river plumes and dust deposition in the western 
tropical Atlantic (Hayes et al., 2017b) have Fe fluxes ~12-15 mg m-2 yr-1—higher 
than DY081 surface fluxes by 5-10x. The western tropical Atlantic fluxes increase to 
~42 mg m-2 yr-1 at 500 m depth (Fe/Th = 3271 g/g; SFe/Th=1; station 2; Hayes et al., 
2017), similar to or DY081 fluxes at similar depths (~27-80 mg m-2 yr-1, using the 
same values for Fe/Th and SFe/Th).  
 
 170 
4.4.4.2 Fe supply and uptake at Nuuk 
 
The Fe fluxes presented in this study are higher than other sites situated in areas of 
high lithogenic inputs measured using the same methods (e.g. the Amazon river and 
dust inputs; Hayes et al., 2017). This supports the notion that fluxes of lithogenic 
material at the Greenland margin are significant (Overeem et al., 2017) and are likely 
to be of importance in supplying lithogenic nutrients at least on a regional scale. 
However, the relative importance of a given flux of Fe in terms of biogeochemistry is 
determined by the requirements of phytoplankton in the local area. During the DY081 
cruise total Si production was estimated using incubation experiments (Hendry et al., 
2019a), to be ~2-14 mmol m-2 day-1 around Nuuk. These estimates made during 
summer may well be represent an upper estimate for the annual productivity at these 
sites (due to favourable conditions for diatom growth), but they can be used to 
assess the importance of the Fe fluxes calculated here to a first approximation.  
 
By using approximations for the typical diatom uptake Si:C ratio of ~0.13 (Brzezinski, 
2004) and an C:Fe ratio of 105 as estimated by Tagliabue & Arrigo (2005) for 
diatoms in the not-dissimilar setting of the Ross Sea (which is at high latitude, 
surrounded by glaciated continental margins and likely has high Fe input). We can 
convert the measured Si productivity flux into an estimate of the amount of Fe supply 
required by diatoms around Nuuk. These approximations are not trivial due to the 
poorly constrained stoichiometry of nutrient uptake by diatoms, which is dependent 
on the degree of Fe stress amongst other factors (Hutchins and Bruland, 1998; Koch 
and Trimborn, 2019). Nevertheless our calculations allow a first approximation of the 
Fe requirements of diatoms at our sample sites. 
 
The range of Fe flux required by diatoms around Nuuk is ~60-400 µmol m-2 yr-1 (3-22 
mg m-2 yr-1), which, the large uncertainties notwithstanding, overlaps the range of 
average estimates of Fe flux calculated here. As a comparison, Fe demand in the 
Irminger basin has been estimated, based on seasonal Fe drawdown, as ~4-40 µmol 
m-2 yr-1 (Painter et al., 2014). The supply of dissolved Fe from lithogenic material is 
likely able to contribute a dominant proportion of the Fe required for diatom growth at 
Nuuk. If only the low Fe fluxes in the top 50 m at CTD004 (~1-8 mg m-2 yr-1; 17-150 
µmol m-2 yr-1) are considered they are still able to provide much of the required Fe. 
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Additional supply of Fe due to upwelling or due to diapycnal diffusivity is possible; 
however, upwelling can be supressed during the spring and summer due to stronger 
stratification (Arrigo et al., 2017; Oliver et al., 2018), and the dominant wind 
directions are seldom upwelling favourable (Hopwood et al., 2015 and references 
therein). Vertical diffusivity has been shown to supply only small amounts of Fe to 
the surface mixed layer in the Irminger basin (Achterberg et al., 2018), and actually 
leads to removal of Fe at the East Greenland shelf (Painter et al., 2014). Thus supply 
of Fe from the dissolution of lithogenic material, calculated here seems likely to 
account for the most important supply term. This conclusion is supported by the fact 
that the chosen Fe/Th ratio and the effects of lateral and vertical diffusion may all act 
to bias our Fe estimates to low values, especially at the surface. Deeper mixing 
supplying dissolved Fe from greater depths may become seasonally more important 
during the winter (Achterberg et al., 2018).  
 
4.4.4.3 Regional context of Fe supply 
 
A recent study calculated and compiled Fe fluxes to surface waters in the Irminger 
and Iceland basins from a range of processes, including aeolian deposition, 
horizontal supply from shelves, vertical mixing and diapycnal diffusivity (Achterberg 
et al., 2018). The horizontal flux estimate for the East Greenland shelf calculated by 
Achterberg et al., ~117 µmol m-2 yr-1 (normalised to shelf surface area), is lower than 
the average scavenging-based Fe fluxes estimated for the West Greenland shelf in 
this study (40 mg m-2 yr-1; 720 µmol m-2 yr-1; SFe/Th= 1). However, considering only Fe 
flux estimates in the top 50 m, at CTD004 and CTD006, our fluxes are generally 
lower (1-8 mg m-2 yr-1;17-150 µmol m-2 yr-1; SFe/Th= 1). However, these surface fluxes 
are likely underestimates due to vertical and horizontal diffusion (section 4.1.2). At 
deeper depths (≥50 m) even our lower estimates of Fe flux (SFe/Th= 0.4) at the site 
with lowest fluxes (CTD004, 3-15 mg m-2 yr-1;130-280 µmol m-2 yr-1) are greater than 
shelf area-normalised lateral surface fluxes at the East Greenland margin 
(Achterberg et al., 2018). The fluxes reconstructed for the West Greenland margin in 
this study were higher than all the other fluxes calculated or compiled by Achterberg 
et al., except input of Fe-rich ash from a volcanic eruption (Figure 4.6).  
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Achterberg et al. concluded that the large fluxes measured at the East Greenland 
shelf could not propagate into the basin interior (i.e. limited to <100 km) due to 
strong density gradients in the East Greenland current. The situation is somewhat 
different for our sites on the west Greenland margin where isopycnals are inclined 
towards the continental slope and flattening towards the open ocean (e.g. Sarthou et 
al., 2018) but do not intersect the surface until much further offshore. For example, 
WOCE data (Lee, 2007) shows isopycnals on the west Greenland continental slope 
shoaling towards the surface for hundreds of kilometres offshore (Figure S4.4). 
These sloping isopycnals combined with high eddy diffusivity in the region potentially 
provides a mechanism for the transfer of waters close to west Greenland into the 
interior of the Labrador sea (Funk et al., 2009; Kawasaki and Hasumi, 2014). Given 
the potentially large lateral diffusive fluxes of 232Th at our sample sites (section 
4.1.2), it seems possible that there is an associated lateral flux of Fe. The strong 
lateral 232Th gradients extend to beyond the depth of elevated 
chlorophyll/fluorescence at our sites (>250 m vs ~<100 m), meaning associated Fe 
at these depths may escape uptake by phytoplankton, and could be transported 
offshore. Estimating this Fe supply from the lateral 232Th flux estimates (section 
4.1.2) in the same way as for our scavenging flux implies a theoretical horizontal 
diffusive Fe flux of ~4x106 µmol m-2 yr-1 (2-12x106 µmol m-2 yr-1 for the advective 
scenarios, SFe/Th=0.4), 20x that calculated for the East Greenland margin (Achterberg 
et al., 2018; not shelf area-normalised, ~2x105 µmol m-2 yr-1). Thus the Fe fluxes at 
the West Greenland Margin may be more significant in supplying Fe to the Labrador 
Sea than are fluxes at the East Greenland Margin for the Irminger basin due to the 
hydrodynamics (eddies), density structure (sloping isopycnals) and higher fluxes at 
the margin. A similar conclusion can be drawn from the extended region of elevated 
particulate and dissolved Fe off the west Greenland margin, compared to the eastern 




Figure 4.6. a) Estimated Fe fluxes for DY081 sites at Nuuk for SFe/Th = 0.4-1.3, with dashed lines and hollow symbols representing 
the lower solubility ratio. b) Fe fluxes from this study and the literature from different sources. Horizontal fluxes are normalised to an 
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approximate shelf-area (Achterberg et al., 2018). Vertical diffusive and winter convective fluxes are from Painter et al. (2014). Red 
bars indicate a range of Fe flux estimates (SFe/Th = 0.4) from 50-151 m at the West Greenland margin (this study); data <50 m are 
excluded due to vertical diffusion of 230Th leading to large underestimates of flux. The low value of SFe/Th and relatively shallow 





















4.5 Conclusion and outlook 
 
In this study we have presented some of the first estimates of lithogenic supply to the 
ocean at the west Greenland margin. Concentrations of the isotope 232Th suggests a 
significant lithogenic source emanating along with low-salinity melt waters offshore 
from Nuuk; concentrations of both particulate and dissolved 232Th are as high or 
higher than many sites with high lithogenic input from across the globe. By applying 
the radiogenic 230Th disequilibria method (Hsieh et al., 2011; Hayes et al., 2018a) we 
are able to show that at a minimum, 232Th fluxes in our study region are high, though 
not unprecedented, when compared with other continental margins. Our 232Th fluxes 
are much higher than those seen in the open ocean, and the elevated 232Th fluxes 
reach oceanward of the 1000 m isobath. These results confirm that the Greenland 
margin, and perhaps glaciated margins more generally, can act as important sources 
of lithogenic material to the coastal and open ocean.  
 
When extrapolating our scavenging-based 232Th fluxes to Fe fluxes our data suggest 
fluxes of Fe at the west Greenland margin are at least as high, but probably higher 
than those at the east Greenland shelf. We calculate that the Fe fluxes from 
lithogenic inputs are large enough to be able to support all of the silica productivity 
measured during the DY081 cruise, confirming, in part, the idea that glacially derived 
lithogenic material is important in sustaining primary productivity in the area. These 
high estimated fluxes combine with the local hydrography to give a situation in which 
margin-derived dissolved lithogenic material can be exported further into the basin 
interior and thus may well be important for primary productivity further afield than the 
coastal ocean.  
 
Our results add to the debate regarding the importance of glacially derived lithogenic 
fluxes to the open ocean by providing some of the first estimates of lithogenic supply 
at a glaciated continental margin extending to the open ocean. The dynamic 
oceanography and the novelty of the method applied in this setting means our 
estimates would benefit from comparison to other methods such as sediment traps 
or 230Th-normalisation of sediments or filtered particles. These data will no doubt 
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become available as the high-latitude oceans and glaciated continental margins 
remain in focus as key areas of global change. 
 
4.6 Supplementary material 
4.6.1 Advection-diffusion flux estimates 
 
The application of 232Th/230Th to trace lithogenic fluxes in the ocean has typically 
been achieved through neglecting the effects of advective or diffusive fluxes of either 
isotope (Hayes et al., 2018a). In this study we attempt to estimate advective and 
diffusive fluxes using constraints on the transport terms from the literature. Because 
of the strong spatial gradients in advection and eddy diffusivity that probably exist 
near our sites our flux estimates are uncertain. However, we make the estimates to 
provide some first order constraints on the potential impacts of water circulation on 
our scavenging based 232Th fluxes. As a result of these processes, our scavenging 
based flux estimates generally represent a conservative estimate.  
 
Equations S1-3 demonstrate our approach in calculating different advective and 
diffusive fluxes, and Figure S4.3 gives a graphical summary of how these estimates 
are calculated. The parameters used and references are given in Table S4.1. 
 
The potential lateral advective flux of 232Th away from the coast is given by the 
product of the 232Th concentration and representative advective velocity (u):  
 
232#ℎ	&'
()*[,-	./01/2] = 5	[.	1/2] × 	232#ℎ	[,-	./7]	 Equation S1 
 
The potential lateral diffusive flux is given by the product of the gradient of 232Th 
concentration with distance from the coast, and the eddy diffusivity coefficient (89). 
Estimates of vertical diffusive fluxes are calculated in the same way by applying 












To compare between laterally diffused fluxes and vertical fluxes, lateral fluxes can be 
normalised to the surface area over which they act (normalised to surface area or 
‘shelf area’). Lateral fluxes are first multiplied through a cross-sectional area, and 
then divided by a given surface area of seafloor (Achterberg et al., 2018). This 








  Equation S3 
 
Where z is the water depth considered, w is the length perpendicular to the 
concentration gradient, and L is the length along the concentration gradient. For our 
sites at Nuuk we use z = 250 m (the depth over which surface gradients are 
calculated) and w = L = 100 km. Example normalised fluxes are given in Table S4.2.  
 
4.6.2 Advective and diffusive fluxes near Nuuk 
4.6.2.1 Do lateral diffusive fluxes affect scavenging estimates? 
 
Whether or not diffusion of 232Th causes an underestimate in our scavenging-based 
232Th flux calculations is dependent on whether 232Th inputs are considered transient 
or steady. In a transient scenario, where 232Th is added at the coast at a discrete 
point in time, the eddy activity would move 232Th offshore, reducing the 232Th 
inventory close to the coast (i.e. the numerator in equation 4.2 decreases), and 
leading to lower values of 232Th flux at coastal stations, and higher fluxes offshore 
(compared to a static water column). If the system is at steady state, and 232Th 
inputs are approximately constant, even with a large offshore diffusive 232Th flux, 
then our estimates of 232Th flux may still accurately represent the flux released from 
the dissolution of lithogenic material (uncertainties in calculation of XTh 
notwithstanding). This is because the inventory of 232Th would not be affected if the 
diffusive flux in and out were equal (at a given station). 
 
Using the XTh and eddy diffusivity estimates given in the main text, the diffusive 
timescale between sites at either end of our Nuuk transect is ~12 days (~45 km 
between CTD014 and CTD006), implying that mixing due to eddies could occur 
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quickly compared to the any seasonal variation of 232Th associated with melt waters 
for example. Thus combined with a XTh on the order of a few years, seasonally or 
annually varying input signals should be well mixed in the water column at our 
sample sites. Thus we expect a scenario more akin to steady state, than transient. 
 
4.6.2.2 Eddies and advection 
 
In the high eddy kinetic energy region off west Greenland eddy speeds (derived from 
eddy kinetic energy) are around 0.2 m/s during the spring-summer (Lilly et al., 2003), 
although this value is lower, ~0.05-0.1 m/s, over the shelf (Luo et al., 2011). Given 
that speeds in the west Greenland current (the dominant regional current) are ~0.3-
0.35 m/s (Hendry et al., 2019a), the applicability of such large eddy speeds to 
estimate potential advective fluxes is uncertain.  Frajka-Williams & Rhines (2010) 
calculate average springtime south-westwards velocities close to our sites as ~0.04 
m/s. Applying these speeds to the length of our Nuuk transect implies potential 
advective transport timescales between 3-13 days across the shelf, similar to that for 
diffusive transport. Applying the lower speed estimate, offshore advective fluxes at 
our Nuuk transect (the product of speed and 232Th per unit volume) could be ~1-
5x105 µg m-2 yr-1 in the top 250 m (the range spans the constant value of diffusive 




















Figure S4.1. MODIS/TERRA corrected-reflectance images of west Greenland close to Nuuk, accessed through Nasa Worldview 
(accessed at: https://go.nasa.gov/2AmPAGE). Left hand image 21 July 2017 during the DY081 cruise. Right hand image 12 August 
2012 a large plume of material emanates from the Sermeq glacier towards the location of sites in this study (DY081 CTD sites are 
shown as black dots with a white outline).
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Figure S4.2. Spatial gradients of dissolved Th isotopes at sites close to Nuuk. a) 
Dissolved 232Th concentrations in the upper 250 m of the water column with distance 















































from the coast (calculated using Ocean Data view). b) Dissolved 230Th 

















Figure S4.3. Cartoon of potential diffusive thorium fluxes at the Greenland margin with the main Th gradients indicated 
schematically. Red and blue block arrows indicate lateral and vertical fluxes respectively. The lengths L, W and Z can be used to 
estimate total fluxes or normalise lateral fluxes to a given surface area of seafloor. Lateral advection is indicated by u, whilst the 



























Figure S4.4. Density structure of the water column moving offshore from Nuuk into the Labrador sea from WOCE data (Lee, 2007). 
Left panel: the density anomaly from the surface on a colour scale vs pressure and distance offshore (section shown in the 





Table S4.1. Range of advective and diffusive fluxes for sites near Nuuk with parameters from the literature. Positive fluxes indicate offshore and 
upwards transport. 
 
a = The approximate range of values in the nearby Labrador sea (Funk et al., 2009), b = regional average offshore velocity into the Labrador sea 
(Frajka-Williams and Rhines, 2010), c = approximate ‘eddy kinetic energy speed’ for the season of our cruise close to our sample sites (Lilly et 
al., 2003). d = value from a station at the east Greenland shelf (Painter et al., 2014).  
*gradient excluding CTD004 which has a lower gradient than other stations (0.14 pg kg-1 m-1) 
** low flux estimate calculated using CTD004 gradient 
† Gradient from upper 250 m. Vertical flux is ~9% 230Th production flux in upper 250 m. 
‡ Calculated using the minimum and maximum 232Th concentration across the Nuuk gradient in the upper 250 m multiplied by the lower and 
upper estimate of current speed respectively. Advective fluxes vary proportionally to 232Th concentration and so vary from site to site, even 
under constant current speed. 




Gradients Diffusive fluxes Advective fluxes 
 m2 s-1 m s-1 230Th 232Th 
230Th 
fg m-2 yr-1 
232Th 
µg m-2 yr-1 
232Th 
µg m-2 yr-1 
Lateral 
Low High Low High  pg kg-1 km-1 Low High Low High Low High 
1000 a 1800 a 0.04 b 0.2 c n/a 5.8 n/a n/a 2x105 3x105 9.9x104‡ 2.3x106‡ 
Vertical 
    fg kg-1 m-1 pg kg-1 m-1*       
n/a 4.8x10-5 d n/a n/a 0.0082† -0.49 n/a 1.28x104† -0.2** -0.8 n/a n/a 
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Table S4.2. Lateral fluxes normalised to surface area to give vertical flux equivalent. The lateral fluxes are multiplied by 250 m and W, then 
normalised to the area W*L. The equivalent vertical flux estimates are highly sensitive to the lengths chosen. The lateral flux estimates are taken 
from Table S4.1. Given that diffusive length scales calculated in this study, the magnitude of vertical equivalent fluxes of thorium may be 
significantly reduced if spread over such an area. In any case the normalised lateral fluxes appear to be larger than scavenged fluxes. 
 
W or L Diffusive fluxes Advective fluxes* 
 232Th 232Th 
km µg m-2 yr-1 µg m-2 yr-1 
 Low High Low High 
100 500 750 625 3250 
150 333 500 417 2167 
200 250 375 313 1625 
500 100 150 125 650 
*To give a representative flux over the whole area, normalised advective fluxes are calculated using the average 232Th concentration across the 
Nuuk surface transect multiplied by the upper and lower current speed estimates. Upper and lower flux estimates are then 5x105 and 1.3x106 µg 












































5 Chapter 5: Conclusions 
 
The objectives of this thesis were centred on increasing the spatial and temporal 
resolution of estimates of terrigenous fluxes to the tropical and high-latitude North 
Atlantic Ocean. These observations support the broader aim to further understand 
the feedback cycle between climate and terrigenous fluxes at a global scale. In the 
tropical Atlantic a more detailed understanding of the spatial patterns of processes 
driving terrigenous fluxes, and the links to climate changes, has been derived from 
new and existing data. At the west Greenland margin new estimates of lithogenic flux 
may help to direct or refine debate surrounding ice sheets as a source of nutrients to 
the ocean (Hopwood et al., 2015; Arrigo et al., 2017; Wadham et al., 2019; Hopwood 
et al., 2020). By encompassing high- and low-latitude processes, these findings add 
to the global-scale understanding of terrigenous fluxes to the ocean. This thesis has 
focussed on understanding changes in terrigenous fluxes caused by climate 
changes—the initial step of the feedback cycle. Using the flux estimates presented 
here future studies will be better placed to test the effects of terrigenous fluxes on 
primary productivity and atmospheric CO2 (Kohfeld et al., 2005; Buchanan et al., 
2019)—the remaining part of the feedback cycle. Figure 5.1 shows the parts of the 
feedback cycle that have been investigated in this thesis. Figure 5.2 summarises the 
interpretations made in this thesis based on terrigenous fluxes in the tropical Atlantic 
and high latitude North Atlantic.  
 
In the following section I detail the main findings from Chapters 2, 3 and 4, with 
reference to the thesis aims set out in Chapter 1. The final section outlines a 
synthesis of the main findings and inferences from the thesis, as well as a 





























Figure 5.1. Schematic of the terrigenous flux cycle and associated feedbacks in the tropical Atlantic (after Ridgwell, 2002; Ridgwell & Watson, 
2002). Many of the processes and links also operate in the high latitude oceans. Parameters and processes are shown in boxes. Arrows indicate 































































end process), negative links are shown by blue arrows. Green text indicates those processes or mechanisms that have been directly or indirectly 
examined in this thesis. Black text indicates processes and links that may be the subject of future work.  
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5.1 Summary of findings  
5.1.1 Chapter 2: Spatial 
232
Th flux patterns constrain atmospheric processes  
 
By using previously published U-Th records from 36 sediment cores in the tropical 
Atlantic terrigenous fluxes were constrained using a consistent and quantitative 
methodology since the LGM (Chapter 2). The methodology allowed identification of 
separate domains across the region based on the flux magnitude and the dominant 
input processes. This temporally and spatially resolved dataset provides future 
studies with the ability to interrogate links between primary productivity and 
terrigenous fluxes, meeting the first two aims set out for this thesis (Chapter 1).  
 
Using the newly compiled dataset, I achieved the aim to investigate spatial and 
temporal changes in the processes driving terrigenous fluxes. The findings of this 
chapter highlighted several links between changes in terrigenous inputs and 
changes in atmospheric circulation and precipitation since the LGM. On either side of 
the tropical Atlantic the margins are conspicuous as regions of extremely high and 
variable flux since the LGM (Figure 2.1). These high-resolution records show 
dramatic responses to changes in the position of the tropical rain belt during 
millennial scale climate shifts at the deglaciation (Section 2.4.1). South American 
records likely respond to increased precipitation on the adjacent continent due to 
southward shifted ITCZ (Zhang et al., 2015; Mulitza et al., 2017). African margin 
records show large flux increases associated with the same shift, but driven by 
changes in wind strength (Chapter 2; McGee et al., 2013; Bradtmiller et al., 2016). 
Because these millennial scale events also occur earlier than the deglaciation (e.g. 
during HS2) they cannot be simply attributed to the effects of rising sea level and 
coastal erosion. Although changing coastal currents may play a role in distributing 
the fluxes, given the wide geographical range and multiple sites it seems unlikely 
that redirection of terrigenous fluxes by currents could be the sole cause of elevated 
fluxes at these times. In the open ocean, South American derived fluxes extend 
hundreds of kilometres into the western tropical Atlantic, and are much higher than 
dust fluxes in the east (Section 2.4.1.2). These South American derived fluxes are 
especially elevated prior to deglaciation because of the lower sea-level (Figure 2.1). 
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The far-field elevated fluxes suggest that riverine and resuspended inputs may act to 
redistribute material far into the ocean interior. The dataset highlights the difficulty in 
distinguishing the exact input processes at either margin without additional data to 
constrain the sources (e.g. McGee et al., 2013). 
 
To assess whether the position of the LGM ITCZ was shifted relative to the late-
Holocene (e.g. Arbuszewski et al., 2013), records dominated by aeolian inputs were 
isolated from the compiled records and analysed. The data show no change in the 
LGM to late-Holocene gradient in dust fluxes, arguing against significant shifts in the 
winter ITCZ over the tropical Atlantic at the LGM (Figures 2.2 and 2.3). This 
conclusion is in-line with expectations from modelling studies (Singarayer et al., 
2017). Spatial differences in dust flux changes between the LGM to late-Holocene 
are shown by the data compilation (Figure 2.4), with sites >10
o
N indicating a smaller 
change compared to those <10
o
N. This difference is likely a result of differential 
changes in wind strength and soil moisture in dust source areas and along transport 
pathways (Section 2.4.4). Sites further north than 10
o
N may be influenced by a 
reduced African easterly jet strength and increases in soil moisture in source areas 
at the LGM. Sites <10
o
N may be more influenced by increased trade-wind strength 
and drier dust sources (Figure 5.2; Sarnthein et al., 1981; Scheff et al., 2017).  
 
Theoretical frameworks that relate the position of the ITCZ to asymmetries in the 
hemispheric energy balance have been constructed to explain the global mean 
movement of the ITCZ on seasonal and climatic timescales (Donohoe et al., 2013; 
Schneider et al., 2014). Under these frameworks a relative perturbation to one 
hemisphere’s energy balance could lead to a movement in the ITCZ, which acts to 
transport atmospheric energy from the warmer hemisphere (Schneider et al., 2014), 
and changes to hemispheric temperature difference may be related to the potential 
change in position of the ITCZ (McGee et al., 2014). For example, whilst the LGM 
north-south hemispheric temperature gradient is approximately equal to that of the 
average late Holocene, the early to mid-Holocene has an elevated temperature 
gradient for several thousand years compared to the LGM (McGee et al., 2014). This 
may explain the findings in this thesis, with a northward shifted mid-Holocene ITCZ 





However, as there are many components to the energy balance in each hemisphere, 
a perturbation to the energy balance need not elicit a response of the ITCZ if other 
components of the system compensate for the change. For example, a relative 
increase in LGM Northern Hemisphere albedo (i.e. less absorption of incoming 
radiation) may be mostly compensated for by a reduction in outgoing radiation and a 
change to cloud cover (Donohoe et al., 2013). Predicting a change in the position of 
the ITCZ on orbital timescales is further complicated by the fact that symmetric 
forcings (in the annual global mean) such as orbital variations only produce 
asymmetric forcings due to non-linear feedbacks involving other processes (e.g. 
changes in albedo due to clouds, ice-sheets and vegetation; Donohoe et al., 2013; 
McGee et al., 2014), which may themselves change, depending on climate state. 
 
Additionally, there is not yet a complete understanding of how local changes in the 
past position of the ITCZ are related to specific climate forcing mechanisms (Atwood 
et al., 2020), and it has been recognised that the response of the ITCZ to energy 
perturbations under glacial boundary conditions is not the same as the modern 
seasonal cycle (Roberts et al., 2017). Given this level of current understanding, the 
large inter-model variability, and large zonal variability in response of the ITCZ to 
different forcings (Atwood et al., 2020), various changes to the position of the ITCZ 
are plausible for certain time periods and locations. Even changes of the ITCZ in 
different directions are possible at different locations in response to the same forcing 
(Atwood et al., 2020). Thus, the findings in this thesis are not inconsistent with the 
current theoretical understanding of ITCZ dynamics, as far as it exists, and is 
consistent with some, though not all, model output (Donohoe et al., 2013; Singarayer 
et al., 2017; Atwood et al., 2020). 
 
5.1.2 Chapter 3: Alkanes highlight provenance and changes in vegetation since the 
LGM 
 
Constraining the provenance of terrigenous material in the oceans is challenging 
because of a lack of specificity and high workload associated with the available 
geochemical methods (e.g. removing authigenic components for radiogenic isotopes 
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or clay mineralogy). Certain methods may be more suited to particular regions 
depending on the potential terrigenous sources. In this thesis I made use of the large 
contrast in vegetation types in the potential terrigenous source areas (South 
American and North Africa; Figure 3.1) to determine terrigenous provenance in the 
remote tropical Atlantic Ocean. This method of provenance tracing potentially allows 
past changes in vegetation to be reconstructed (Section 3.2.2.2), providing 
information on an important component of the terrigenous flux-climate feedback.  
 
Three sediment cores far from the continents were analysed for the concentration 
and stable carbon isotopic composition of n-alkanes. Concentrations and 230Th 
normalised fluxes of core-top n-alkanes decrease away from Africa, suggesting a 
dominant input from the African continent (Figures 3.4, 3.5 and 3.6) . African 
provenance of terrigenous material in the three cores analysed is confirmed by the 
δ
13
C of n-alkanes which indicate a C4-plant source of these compounds since the 
LGM (Figure 3.9). This observation fulfils a thesis aim by placing limits on the spatial 
influence of South American fluxes to the western basin, and supporting conclusions 
drawn from 
232




C of n-alkanes is further applied to investigate concurrent changes in 
continental vegetation and dust fluxes (Chapter 2). Distal sediment cores indicate a 
subtle shift in the vegetation types in, or close to, dust source areas since the LGM, 
with an increase in woody plant species from 2-3% to ~20% at the late-Holocene 
(Section 3.6.3; Figure 3.9). This vegetation shift is supported by a compilation of data 
from cores close to the African margin (Section 3.6.3; Figure 3.10), which, when 
averaged to exclude local signals, indicates a similar trend. The concurrent changes 
in vegetation and dust fluxes (Chapter 2) is suggestive of a link between these 
processes; increased aridity could account for some increase in LGM dust flux and 
C4 plant relative abundance (Figure 5.2). Because the African humid period is not 
consistently recorded in mid-ocean or margin δ
13
C records it seems that the potential 
for dust derived δ
13
C of n-alkanes to record extreme hydrological events is muted 
due to an inherent lag time or because dust sources must be arid by necessity and 




Aiming to understand the processes that control n-alkane export from the continents, 
the ratio of n-alkanes/232Th was calculated for pre-existing data and new sediment 
cores (Section 3.6.1.2; Figure 3.7). At the mid-ocean sites n-alkane/232Th ratios 
indicate that the two terrigenous tracers behave differently, with n-alkanes 
decreasing by a larger factor moving away from Africa (Figure 3.5 and 3,7a). This 
trend may result from different terrigenous sources or from the degradation of n-
alkanes during transport (Section 3.6.1.2). The ratio is also variable through time, 
with major changes in the ratio occurring with millennial scale and glacial-interglacial 
climate shifts (Section 3.6.1.2.i; Figure 3.7). These findings add nuance to the idea 
that n-alkanes can be used to quantify terrigenous inputs. The spatial and temporal 
variability suggest that the n-alkane/232Th ratio may be used by future studies to 




5.1.3 Chapter 4: 
232
Th fluxes at the west Greenland margin imply significant 
lithogenic nutrient supply from ice sheets 
 
In contrast to the tropical Atlantic, there are few existing quantitative terrigenous flux 
records in the oceans around Greenland. To answer outstanding questions about the 





analyses were made on a set of filtered seawater samples from the west Greenland 
margin (Chapter 4). The first aim was to determine if lithogenic material is linked to 
glacial outflows. Concentrations of particulate and dissolved 
232
Th increase strongly 
towards the coast (and the surface ocean in the dissolved phase; Figures 4.2 and 
4.3). This on-shore increase in 
232
Th is linked to glacially derived low-salinity, low-
δ
18
O surface waters and demonstrates that terrigenous material is not completely 
trapped in fjords (Section 4.4.1;Figure 4.2 and 4.3). 
 
Having addressed the initial aim, 
232
Th fluxes were calculated to quantify lithogenic 
contributions (Section 4.4.2.2; Figure 4.5). The data suggest that fluxes at the west 
Greenland margin are among the highest reported globally (Figure 4.5), comparable 
to sites influenced by large South American rivers or Saharan dust (Section 4.4.2.2). 
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Considering the caveats associated with our methods, the fluxes at the Greenland 
margin are likely minimum estimates (Section 4.4.3). This implies that significant 
lithogenic nutrients probably escape past fjord environments and reach the open 
ocean, potentially fertilising phytoplankton. 
 
The idea that plankton near Greenland are fertilised by glacially derived nutrients has 
seen considerable debate due to the lack of flux estimates in the open ocean. The 
flux estimates are used to estimate the significance for local productivity, addressing 
the final aims set out in this thesis (Section 4.4.4). Extrapolating 
232
Th fluxes to Fe 
fluxes, the data indicate that scavenging based lithogenic fluxes are likely as large, 
or larger than, Fe fluxes at the east Greenland margin due to water mass transports 
(Figure 4.6). Using estimates of biogenic silica production shows that lithogenic 
material could supply a significant fraction of the Fe required for phytoplankton 
growth (Section 4.4.4.2). The large scavenging fluxes combined with high eddy 
diffusivity and sloping isopycnals creates a situation at the west Greenland margin 
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Figure 5.2. Interpretative summary of the magnitudes of, and processes driving, 
terrigenous fluxes around west Greenland and the tropical Atlantic at the late-
Holocene and LGM. Grey arrows indicate estimates of modern sediment fluxes 
(Tg/yr; [1] = sediment flux from West Greenland, Overeem et al., 2017; [5] = sum of 
Amazon and Orinoco river flux, Peucker-Ehrenbrink, 2018; [6] = dust deposition over 
the tropical Atlantic, Yu et al., 2019). In the lower panel modern estimates are scaled 
by the factor of change recorded by 
232
Th fluxes in the nearby ocean to give 
approximate estimates of total sediment input fluxes. Upper panel: modern and late-
Holocene total 
232




) estimated from dissolved 
232
Th fluxes at 
~1000 m (assuming a solubility of 20%, dissolved fluxes shown in red text; [3] = 







 (bold dashed outline; [2] = Hillaire-Marcel et al., 1990; Vallières, 1997), 
shown on a colour scale. Estimates of the expected LGM change in terrigenous 
fluxes are based on previous observations of changes in the total mass flux and 










colour scale) during the late-Holocene and LGM. A dashed red line indicates the 
approximate spatial limit of South American inputs determined from 
232
Th fluxes and 
δ
13
C of n-alkanes. Black arrows show the important wind systems transporting dust 
(arrow size indicates changing strengths). The dashed black line shows the 
approximate position of the boreal winter ITCZ (unchanged at LGM). The dashed 
green line over the continent indicates the approximate vegetation composition in, or 
close to, southern dust source areas based on δ
13












5.2 Synthesis and outlook 
5.2.1 Glacial changes in the tropical Atlantic 
5.2.1.1 Processes and patterns of terrigenous deposition 
 
Existing knowledge of the temporal trends of terrigenous inputs in the tropical 
Atlantic is based on high resolution sediment cores at the ocean margins (McGee et 
al., 2013), and lower resolution open-ocean records (François and Bacon, 1991; 
McGee et al., 2013; Williams et al., 2016). Previous efforts to resolve global spatial 
dust patterns are limited to two time slices in the tropical Atlantic (the late-Holocene 
and the LGM; Kienast et al., 2016; Kohfeld & Harrison, 2001). Spatial resolution in 
previous compilations is variable, with no 
230
Th normalised records in large swathes 
of the tropical Atlantic for the most recent compilation (Kienast et al., 2016). As a 
result, prior to this thesis, uncertainty remained regarding the spatial extent of 
riverine (and shelf/slope) inputs from ocean margins compared to dust inputs in the 
tropical Atlantic (François and Bacon, 1991; Adkins et al., 2006). The understanding 
of spatial patterns, and the magnitude, of dust deposition since the LGM was limited 
to specific regions (e.g. northwest African margin) at discreet time slices. By bringing 




Th data a more complete picture 
of fluxes in the tropical Atlantic can now be constructed (e.g. Chapter 2), and linked 
to changes in the climatic processes that drive terrigenous inputs (Section 2.4). 
 
In the tropical Atlantic the relative spatial patterns of 
232
Th flux are similar at the late-
Holocene and the LGM (Section 2.3) , with the highest fluxes close to continental 
margins (Figures 2.1 and 5.2). Large fluxes from South America during glacial 
periods are likely related to reduced sea level; the spatial extent of elevated fluxes in 





 contour in Figure 5.2). Despite reduced tropical precipitation at the 
LGM (McGee, 2020), sites influenced by South American sources generally increase 
by more (Figure 2.1; LGM/late-Holocene ~3x) than those in the eastern topical 
Atlantic dominated by dust (~1-2.5x). The large LGM fluxes highlight the important 
control that sea level exerts on the locus of terrigenous flux deposition (Section 
2.4.1; Figures 2.1 and 5.2). At the LGM a higher Andean contribution to western 
Atlantic terrigenous fluxes is recorded (Govin et al., 2014), indicating a change in the 
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composition of South American terrigenous material concurrent with flux increases 
(Figure 5.2) in the area.  
 
The increased fluxes in the eastern Atlantic are likely a result of increased glacial 
trade wind strength (Section 2.4.4; Sarnthein et al., 1981; McGee et al., 2010a) and 
potentially aridity in the more southerly dust sources (Scheff et al., 2017; McGee, 
2020).  An increase in aridity in southern dust source areas is supported by the 
decreased proportion of woody plants (i.e. C3) in tropical Atlantic (and African 
margin) sediments (Section 3.6.3, Figure 3.10; Figure 5.2, dashed green line). Dust 
flux increases >10
o
N at the LGM are potentially muted by combined processes in 
dust source areas lying further north and west (Figure 2.4; Section 2.4.4). For 
example, soil moisture (Scheff et al., 2017; McGee, 2020), reduced convective gusts 
(Ben-Ami et al., 2009; McGee et al., 2010a) and reduced high level (AEJ) wind 
speed (Section 2.4.4; black arrows in Figure 5.2; Peters & Tetzlaff, 1990) (Chapter 
2). Despite the indications of changes in winds strength and precipitation in southern 
dust source areas, 
232
Th fluxes suggest the boreal winter LGM ITCZ, linked to both 
winds and rainfall, was in a similar position to the late-Holocene over the tropical 
Atlantic (Section 2.4.3; Figures 2.2 and 2.3. It is possible that the ITCZ responded 
differently over continents to the ocean (Collins et al., 2011; Singarayer et al., 2017).  
 




Th records in certain parts of the tropical 
Atlantic will allow future studies to gain more insight into the processes that drive 
fluxes to the ocean. For example, understanding the full extent of the region under 
the influence of South American riverine material is important for accurate 
interpretations of dust inputs. The zonal trends in the dust plume remain poorly 
constrained since the LGM, as are the meridional trends at the northern edge of the 
dust plume. Increased latitudinal resolution in open-ocean records my help to 
understand the position of the ITCZ during warming climate changes (e.g. AHP).  
 
5.2.1.2 Potential links to export productivity: hints from existing records 
 
Quantifying the effect of terrigenous fluxes on the biosphere has not been the focus 
of this thesis (Figure 5.1) but has provided motivation for the work conducted. In the 
Southern Ocean, links between changes in CO2 and terrigenous inputs have been 
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established by previous studies (Martínez-García et al., 2014). However, nutrient 
addition experiments, modelling and sediment traps all indicate that there may be a 
link between dust deposition and primary productivity and/or export productivity in 
the low-latitude oceans (Moore et al., 2013; Pabortsava et al., 2017; van der Jagt et 
al., 2018; Buchanan et al., 2019). This represents an outstanding problem for 
understanding glacial-interglacial CO2 changes. The potential links are yet to be 
assessed through climate changes since the LGM in the tropical Atlantic. An initial 
summary of past productivity and terrigenous input data compiled in this thesis 
(Chapter 2) is therefore given below, along with suggestions for potential future work. 
This may serve as a starting point for future studies to test links between CO2, 
primary productivity and terrigenous inputs in the tropical Atlantic.  
 
Some opal flux records at South American influenced sites in the western Atlantic 
are >2x higher at the LGM than late to mid-Holocene (Figure  5.3). In contrast, 
slightly further north dust influenced core S00172-GVY014 at 15
o
N records 
decreased opal fluxes at the LGM, alongside LGM/late-Holocene 
232
Th flux ratio ~1.5 
(Figure 2.1; Figure 5.3). This highlights the importance of the type and amount of 
terrigenous material delivered to the western Atlantic, and the potential links to 
export productivity. In the modern day, the Amazon river contributes significantly to 
biological productivity in the western Atlantic (Subramaniam et al., 2008), whereas 
dust deposition contributes a small fraction of the overall nutrient supply in the open 
ocean (Chien et al., 2016). From the initial consideration of opal fluxes and 
232
Th 
fluxes, it seems likely that a similar situation existed at the LGM, with larger absolute 
and relative increases in South American material (Section 2.4.1.2; Figure 2.1) 
associated with increased export productivity (Figure 5.3). This may be because the 
Amazon river plume provides higher proportions of limiting phosphate, as well as 
nitrate and Fe, than dust. In the dust dominated eastern Atlantic there are variable 
changes in opal fluxes recorded across the region, with some equatorial records 
showing LGM increases (Bradtmiller et al., 2007), and those at the west African 
margin showing little change at the LGM (Figure 5.3; Bradtmiller et al., 2016), and 
large shifts during stadial events. These differences must also be interpreted with 
caution in light of the sensitivity of opal records to variable preservation (Bradtmiller 
et al., 2007). There are many other factors that control primary productivity, and 
future work is needed to clarify the dominant controls in the tropical Atlantic through 
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time. In particular, the use of proxies for nutrient utilisation, such as δ
15
N of organic 
matter, in combination with records of export productivity and terrigenous flux 
compiled here could help to test the importance of different external nutrient supplies 
on nitrogen fixation and other processes (e.g. Buchanan et al., 2019). In addition, the 
potential for past enhancement of carbon export due to ballasting (e.g. van der Jagt 
et al., 2018) with terrigenous material could be investigated by future studies 






Figure 5.3. Selected 230Th-normalised opal flux records in the west (left) and east (right) tropical Atlantic since the LGM (core names and 
references given in Chapter 2). Sites from each basin are shown in grey for ease of comparison. Future studies may use the compiled 232Th and 
opal fluxes to determine the relationship between primary productivity and terrigenous inputs in different parts of the tropical Atlantic.  
 
 204 
5.2.2 Flux magnitudes at low- and high-latitudes 
 
In the modern day, the flux of terrigenous material from Greenland towards Baffin 
Bay and the Davis strait (520 Tg/yr) is ~56% of the riverine flux emanating from the 
Amazon and Orinoco rivers (Figure 5.2; Overeem et al., 2017; Peucker-Ehrenbrink, 
2018). Fluxes may be particularly high around Nuuk as the nearby Sermeq glacier 
accounts for 25% of the suspended sediment flux from Greenland (~230-320 Tg/yr; 
Overeem et al., 2017). Limited data coverage in the ocean around Greenland 
precludes a detailed examination of the spatial patterns of terrigenous flux. However, 
232Th fluxes recorded by one sediment core (240 µg m-2 yr-1; Vallières, 1997) are 
higher than fluxes anywhere in the tropical Atlantic at the late-Holocene (Figure 2.1; 
Figure 5.2). Dissolved 232Th fluxes extrapolated to total 232Th fluxes support the 
notion of high fluxes in the area (Section 4.4.2.2; Figure 4.4; Figure 5.2; integrated to 
~1000 m, assuming a solubility of 20%). Further south and towards the Labrador 
Sea interior, fluxes from dissolved data are strongly reduced (<50 µg m-2 yr-1) and 
are similar to the dust-dominated equatorial Atlantic (Figures 2.1 and 5.2). The initial 
comparisons indicate a similar range of lithogenic nutrient supply from margin to 
open ocean in the tropical Atlantic and around Greenland (Figure 5.2). Confirmation 
by more 230Th normalised sediment records is needed for a more direct comparison. 
Detailing the impact of elevated LGM terrigenous fluxes on primary productivity in 
both regions remains a target for future studies.  
 
Terrigenous fluxes around Greenland at the LGM were likely greatly elevated. This is 
expected due to the relationship between glacial sediment load and ice thickness 
(Overeem et al., 2017), but is also supported by records of total and biogenic fluxes 
at the LGM in the Labrador sea (Figure 5.2). Total 230Th normalised fluxes in the 
Labrador sea were ~2.5x larger than the late-Holocene on average (Costa et al., 
2020), yet primary productivity either changed little or was reduced (Radi and de 
Vernal, 2008). This suggests that terrigenous fluxes must have been at least ~2.5x 
larger at the LGM, meaning 232Th fluxes around Greenland at the LGM may have 
been higher than anywhere in the tropical Atlantic (Figure 5.2). Increased ice rafting 
during Heinrich-events would also seem likely to increase terrigenous fluxes from 
their background glacial states, suggesting these events were characterised by 
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ubiquitously high terrigenous inputs from multiple sources at high and low-latitudes 
(Section 2.3.1; Section 2.4.1).  
 
The input of terrigenous material, estimated by remote sensing or in situ 
observations, from the three major sources—Greenland, South American rivers and 
African dust—does not appear to correspond directly with the magnitude of 232Th 
fluxes recorded in the nearby ocean (for the late-Holocene; Figure 5.2). Despite the 
lowest total flux leaving Africa (up to ~222 Tg/yr), late-Holocene 232Th fluxes directly 
offshore are some of the highest late-Holocene values (Figure 5.2). This may partly 
be attributed to additional riverine/resuspension at the margin, but could also reflect 
the lack of a trapping process affecting dust transport compared to river inputs (i.e. 
estuaries and continental shelves). Thorium-232 fluxes around Greenland are 
disproportionately high compared to the western tropical Atlantic which has an input 
~1.8x larger (Table 1.1; Section 4.4.2.2; Figures 4.5 and 5.2). These differences 
highlight that transport distance, transport mechanism and estuarine trapping of 
sediment are crucial factors that influence the fluxes recorded in the ocean. This is 
demonstrated by the elevation of western Atlantic fluxes at the LGM when rivers 
deliver material much closer to core sites (Section 2.4.1.2; Figures 2.1 and 5.2).   
 
5.2.3 Concluding remarks and future work 
 
By increasing the spatial resolution and number of terrigenous flux records in two 
important regions of the ocean this thesis has provided insight into the processes 
driving terrigenous fluxes into the ocean, and how they change with climate. Using 
this approach in other regions, future studies can add detail to broader global 
syntheses that are emerging (Kienast et al., 2016; Costa et al., 2020). Both regions 
studied in this thesis are susceptible to future changes in climate that are specifically 
relevant for humans. Dust fluxes in the tropical Atlantic are linked to droughts in the 
Sahel zone of Africa as well the generation of hurricanes (Mukhopadhyay and 
Kreycik, 2008; Wang et al., 2012; Evan et al., 2016). The high latitudes are 
particularly vulnerable to future climate change, with implications for sea-level rise 




Because of the potential effects of future climate change, continued refinement of 
past responses to climate change is necessary for both regions. For example, there 
are large gaps in the sampling distribution in the tropical Atlantic under the summer 
dust plume (Figure 2.1). Records in this area are needed to constrain the seasonality 
of dust fluxes through climate changes, and may give further insight into the 
relationship with African hydroclimate (e.g. Williams et al., 2016). In the high-latitude 
North Atlantic Ocean the relationship between fluxes of terrigenous material from 
Greenland and primary productivity has not been established at the modern day. 
Increased understanding may be gained by establishing the variation of these 
parameters since the LGM (e.g. Martínez-García et al., 2014). Establishing links 
between past productivity and terrigenous fluxes in the tropical Atlantic is similarly 
important (e.g. Buchanan et al., 2019), and some of the data required for such a 
study have already been collected and published (Figure 5.3). By increasing the 
spatial distribution of terrigenous flux records around Greenland, future studies may 
be able to compare the efficiency of sediment export from glaciated and non-
glaciated regions (e.g. the tropical Atlantic). Additionally, establishing flux records 
allows the calculation of other important constituents to the ocean, not only 
terrigenous fluxes (Hayes et al., 2018a; Costa et al., 2020). In combination with the 
findings of this thesis, achieving the outstanding research targets highlighted will 
provide further understanding of the cycles that link climate with terrigenous fluxes 


















Abernathey R. P. and Marshall J. (2013) Global surface eddy diffusivities derived 
from satellite altimetry. J. Geophys. Res. Ocean. 118, 901–916. 
Abouchami W., Näthe K., Kumar A., Galer S. J. G., Jochum K. P., Williams E., Horbe 
A. M. C., Rosa J. W. C., Balsam W., Adams D., Mezger K. and Andreae M. O. 
(2013) Geochemical and isotopic characterization of the bodélé depression dust 
source and implications for transatlantic dust transport to the Amazon basin. 
Earth Planet. Sci. Lett. 380, 112–123. 
Abouchami W. and Zabel M. (2003) Climate forcing of the Pb isotope record of 
terrigenous input into the Equatorial Atlantic. Earth Planet. Sci. Lett. 213, 221–
234. 
Achterberg E. P., Steigenberger S., Marsay C. M., LeMoigne F. A. C., Painter S. C., 
Baker A. R., Connelly D. P., Moore C. M., Tagliabue A. and Tanhua T. (2018) 
Iron Biogeochemistry in the High Latitude North Atlantic Ocean. Sci. Rep. 8, 
1283. 
Acker J. G. and Leptoukh G. (2007) Online Analysis Enhances Use of NASA Earth 
Science Data. Eos, Trans. Am. Geophys. Union 88, 14. 
Adkins J., DeMenocal P. and Eshel G. (2006) The “African humid period” and the 
record of marine upwelling from excess 230 Th in Ocean Drilling Program Hole 
658C. Paleoceanography 21. 
Albani S., Mahowald N. M., Murphy L. N., Raiswell R., Moore J. K., Anderson R. F., 
McGee D., Bradtmiller L. I., Delmonte B., Hesse P. P. and Mayewski P. A. 
(2016) Paleodust variability since the Last Glacial Maximum and implications for 
iron inputs to the ocean. Geophys. Res. Lett. 43, 3944–3954. 
Albani S., Mahowald N. M., Perry A. T., Scanza R. A., Zender C. S., Heavens N. G., 
Maggi V., Kok J. F. and Otto-Bliesner B. L. (2014) Improved dust representation 
in the Community Atmosphere Model. J. Adv. Model. Earth Syst. 6, 541–570. 
Anderson R. F., Barker S., Fleisher M., Gersonde R., Goldstein S. L., Kuhn G., 
Mortyn P. G., Pahnke K. and Sachs J. P. (2014) Biological response to 
millennial variability of dust and nutrient supply in the Subantarctic South 




Anderson R. F., Cheng H., Edwards R. L., Fleisher M. Q., Hayes C. T., Huang K.-F., 
Kadko D., Lam P. J., Landing W. M., Lao Y., Lu Y., Measures C. I., Moran S. B., 
Morton P. L., Ohnemus D. C., Robinson L. F. and Shelley R. U. (2016) How well 
can we quantify dust deposition to the ocean? Philos. Trans. R. Soc. A Math. 
Phys. Eng. Sci. 374, 20150285. 
Anderson R. F., Fleisher M. Q. and Lao Y. (2006) Glacial-interglacial variability in the 
delivery of dust to the central equatorial Pacific Ocean. Earth Planet. Sci. Lett. 
242, 406–414. 
Anderson R. F., Fleisher M. Q., Robinson L. F., Edwards R. L., Hoff J. A., Moran S. 
B., van der Loeff M. R., Thomas A. L., Roy-Barman M. and François R. (2012) 
GEOTRACES intercalibration of 230 Th, 232 Th, 231 Pa, and prospects for 10 
Be. Limnol. Oceanogr. Methods 10, 179–213. 
Andrews J. T. and Syvitski J. P. M. (1994) Sediment Fluxes Along High-Latitude 
Glaciated Continental Margins Northeast Canada and Eastern Greenland. In 
Material fluxes on the surface of the earth National Academy Press. pp. 99–115. 
Annett A. L., Fitzsimmons J. N., Séguret M. J. M., Lagerström M., Meredith M. P., 
Schofield O. and Sherrell R. M. (2017) Controls on dissolved and particulate iron 
distributions in surface waters of the Western Antarctic Peninsula shelf. Mar. 
Chem. 196, 81–97. 
Arbuszewski J. A., deMenocal P. B., Cléroux C., Bradtmiller L. I. and Mix A. (2013) 
Meridional shifts of the Atlantic intertropical convergence zone since the Last 
Glacial Maximum. Nat. Geosci. 6, 959–962. 
Arrigo K. R., van Dijken G. L., Castelao R. M., Luo H., Rennermalm Å. K., Tedesco 
M., Mote T. L., Oliver H. and Yager P. L. (2017) Melting glaciers stimulate large 
summer phytoplankton blooms in southwest Greenland waters. Geophys. Res. 
Lett. 44, 6278–6285. 
Atkinson R., Arey J. and Aschmann S. M. (2008) Atmospheric chemistry of alkanes: 
Review and recent developments. Atmos. Environ. 42, 5859–5871. 
Atwood A. R., Donohoe A., Battisti D. S., Liu X. and Pausata F. S. R. (2020) Robust 
Longitudinally Variable Responses of the ITCZ to a Myriad of Climate Forcings. 
Geophys. Res. Lett. 47, e2020GL088833. 
Auro M. E., Robinson L. F., Burke A., Bradtmiller L. I., Fleisher M. Q. and Anderson 
R. F. (2012) Improvements to 232-thorium, 230-thorium, and 231-protactinium 
analysis in seawater arising from GEOTRACES intercalibration. Limnol. 
 
 209 
Oceanogr. Methods 10, 464–474. 
Bacon M. P. (1984) Glacial to interglacial changes in carbonate and clay 
sedimentation in the Atlantic Ocean estimated from 230Th measurements. 
Chem. Geol. 46, 97–111. 
Bacon M. P. and Anderson R. F. (1982) Distribution of thorium isotopes between 
dissolved and particulate forms in the deep sea. J. Geophys. Res. 87, 2045. 
Ben-Ami Y., Koren I. and Altaratz O. (2009) Patterns of North African dust transport 
over the Atlantic: Winter vs. summer, based on CALIPSO first year data. Atmos. 
Chem. Phys. 9, 7867–7875. 
Bhatia M. P., Kujawinski E. B., Das S. B., Breier C. F., Henderson P. B. and Charette 
M. A. (2013) Greenland meltwater as a significant and potentially bioavailable 
source of iron to the ocean. Nat. Geosci. 6, 274–278. 
Biggs R. B. and Howell B. A. (1984) The Estuary as a Sediment Trap: Alternate 
Approaches to Estimating its Filtering Efficiency. In The Estuary As a Filter pp. 
107–129. 
Biscaye P. E. (1965) Mineralogy and Sedimentation of Recent Deep-Sea Clay in the 
Atlantic Ocean and Adjacent Seas and Oceans. Geol. Soc. Am. Bull. 76, 803–
832. 
Biscaye P. E. and Eittreim S. L. (1977) Suspended particulate loads and transports 
in the nepheloid layer of the abyssal Atlantic Ocean. Mar. Geol. 23, 155–172. 
Blanchet C. L. (2019) A database of marine and terrestrial radiogenic Nd and Sr 
isotopes for tracing earth-surface processes. Earth Syst. Sci. Data 11, 741–759. 
Bleil U. and von Dobeneck T. (2003) Late Quaternary Terrigenous Sedimentation in 
the Western Equatorial Atlantic South American versus African Provenance 
Discriminated by Magnetic Mineral Analysis. In The South Atlantic in the Late 
Quaternary Springer Berlin Heidelberg, Berlin, Heidelberg. pp. 213–236. 
Blumer M. (1957) Removal of Elemental Sulfur from Hydrocarbon Fractions. Anal. 
Chem. 29, 1039–1041. 
Blundy J. and Wood B. (2003) Mineral-Melt Partitioning of Uranium, Thorium and 
Their Daughters. In Reviews in Mineralogy and Geochemistry (eds. B. Bourdon, 
G. M. Henderson, C. C. Lundstrom, and S. P. Turner). Mineralogical Society of 
America. pp. 59–123. 
Bocksberger G., Schnitzler J., Chatelain Cyrille, Daget P., Janssen T., Schmidt 
Marco, Thiombiano A., Zizka Georg, Chatelain C, Schmidt M and Zizka G 
 
 210 
(2016) Climate and the distribution of grasses in West Africa. J. Veg. Sci. 27, 
306–317. 
Bory A. J.-M. and Newton P. P. (2000) Transport of airborne lithogenic material 
down through the water column in two contrasting regions of the eastern 
subtropical North Atlantic Ocean. Global Biogeochem. Cycles 14, 297–315. 
Bozlaker A., Prospero J. M., Price J. and Chellam S. (2018) Linking Barbados 
Mineral Dust Aerosols to North African Sources Using Elemental Composition 
and Radiogenic Sr, Nd, and Pb Isotope Signatures. J. Geophys. Res. Atmos. 
123, 1384–1400. 
Braconnot P., Otto-Bliesner B., Harrison S., Joussaume S., Peterchmitt J., Abe-
Ouchi A., Crucifix M., Driesschaert E., Fichefet T., Hewitt C. D., Kageyama M., 
Kitoh A., LaˆınéLaˆıné A., Loutre M., Marti O., Merkel U., Ramstein G., Valdes 
P., Weber S. L., Yu Y. and Zhao Y. (2007) Climate of the Past Results of PMIP2 
coupled simulations of the Mid-Holocene and Last Glacial Maximum-Part 1: 
experiments and large-scale features., 
Bradtmiller L. I., Anderson R. F., Fleisher M. Q. and Burckle L. H. (2007) Opal burial 
in the equatorial Atlantic Ocean over the last 30 ka: Implications for glacial-
interglacial changes in the ocean silicon cycle. Paleoceanography 22. 
Bradtmiller L. I., McGee D., Awalt M., Evers J., Yerxa H., Kinsley C. W. and 
deMenocal P. B. (2016) Changes in biological productivity along the northwest 
African margin over the past 20,000 years. Paleoceanography 31, 185–202. 
Bradtmiller L. I., McManus J. F. and Robinson L. F. (2014) 231Pa/230Th evidence 
for a weakened but persistent Atlantic meridional overturning circulation during 
Heinrich Stadial 1. Nat Commun 5, 5817. 
Brandt P., Schott F. A., Provost C., Kartavtseff A., Hormann V., Bourlès B. and 
Fischer J. (2006) Circulation in the central equatorial Atlantic: Mean and 
intraseasonal to seasonal variability. Geophys. Res. Lett. 33, L07609. 
Bray E. E. and Evans E. D. (1961) Distribution of n-paraffins as a clue to recognition 
of source beds. Geochim. Cosmochim. Acta 22, 2–15. 
Brittingham A., Hren M. T. and Hartman G. (2017) Microbial alteration of the 
hydrogen and carbon isotopic composition of n-alkanes in sediments. Org. 
Geochem. 107, 1–8. 
Broccoli A. J., Dahl K. A. and Stouffer R. J. (2006) Response of the ITCZ to Northern 
Hemisphere cooling. Geophys. Res. Lett. 33. 
 
 211 
Broecker W. S., Kaufman A. and Trier R. M. (1973) The residence time of thorium in 
surface sea water and its implications regarding the rate of reactive pollutants. 
Earth Planet. Sci. Lett. 20, 35–44. 
Broecker W. S., Klas M., Ragano-Beavan N., Mathieu G., Andree M., Oeschger H., 
Wolfli W., Suter M., Bonani G., Hofmann J. and Nessi M. (1988) Accelerator 
mass spectrometry radiocarbon measurements on marine carbonate samples 
from deep sea cores and sediment traps sample preparation. Radiocarbon 30. 
Broecker W. S. and McGee D. (2013) The 13C record for atmospheric CO2: What is 
it trying to tell us? Earth Planet. Sci. Lett. 368, 175–182. 
Broecker W. S. and Peng T.-H. (1982) Tracers in the Sea., Lamont-Doherty 
Geological Observatory, Columbia University, New York. 
Broecker W. S., Turekian K. K. and Heezen B. C. (1958) The relation of deep sea 
[Atlantic Ocean] sedimentation rates to variations in climate. Am. J. Sci. 256, 
503–517. 
Brzezinski M. A. (2004) The Si:C:N ratio of marine diatoms: Interspecific variability 
and the effect of some environmental variables. J. Phycol. 21, 347–357. 
Buchanan P. J., Chase Z., Matear R. J., Phipps S. J. and Bindoff N. L. (2019) Marine 
nitrogen fixers mediate a low latitude pathway for atmospheric CO2 drawdown. 
Nat. Commun. 10, 4611. 
Bullard J. E. (2017) The distribution and biogeochemical importance of high-latitude 
dust in the Arctic and Southern Ocean-Antarctic regions. J. Geophys. Res. 
Atmos. 122, 3098–3103. 
Burckel P., Waelbroeck C., Gherardi J. M., Pichat S., Arz H., Lippold J., Dokken T. 
and Thil F. (2015) Atlantic Ocean circulation changes preceded millennial 
tropical South America rainfall events during the last glacial. Geophys. Res. Lett. 
42, 411–418. 
Bush R. T. and McInerney F. A. (2013) Leaf wax n-alkane distributions in and across 
modern plants: Implications for paleoecology and chemotaxonomy. Geochim. 
Cosmochim. Acta 117, 161–179. 
Cape M. R., Straneo F., Beaird N., Bundy R. M. and Charette M. A. (2019) Nutrient 
release to oceans from buoyancy-driven upwelling at Greenland tidewater 
glaciers. Nat. Geosci. 12, 34–39. 
Castañeda I. S., Mulitza S., Schefuss E., Lopes dos Santos R. A., Sinninghe Damsté 
J. S. and Schouten S. (2009) Wet phases in the Sahara/Sahel region and 
 
 212 
human migration patterns in North Africa. Proc. Natl. Acad. Sci. U. S. A. 106, 
20159–63. 
Chavagnac V., Lair M., Milton J. A., Lloyd A., Croudace I. W., Palmer M. R., Green 
D. R. H. and Cherkashev G. A. (2007) Tracing dust input to the Mid-Atlantic 
Ridge between 14°45′N and 36°14′N: Geochemical and Sr isotope study. 
Cheng H., Edwards R. L., Hoff J., Gallup C. D., Richards D. A. and Asmerom Y. 
(2000) The half-lives of uranium-234 and thorium-230. Chem. Geol. 169, 17–33. 
Chien C.-T., Mackey K. R. M., Dutkiewicz S., Mahowald N. M., Prospero J. M. and 
Paytan A. (2016) Effects of African dust deposition on phytoplankton in the 
western tropical Atlantic Ocean off Barbados. Global Biogeochem. Cycles 30, 
716–734. 
Chikaraishi Y. and Naraoka H. (2003) Compound-specific δD-δ13C analyses of n-
alkanes extracted from terrestrial and aquatic plants. Phytochemistry 63, 361–
371. 
Chikaraishi Y., Naraoka H. and Poulson S. R. (2004) Hydrogen and carbon isotopic 
fractionations of lipid biosynthesis among terrestrial (C3, C4 and CAM) and 
aquatic plants. Phytochemistry 65, 1369–1381. 
Christie W. W. (1993) Preparation of Ester Derivatives of Fatty Acids for 
Chromatographic Analysis. in Advances in Lipid Methodology (2). ed. W. W. 
Christie, Oily Press, Dundee. 
Clark P. U., Dyke A. S., Shakun J. D., Carlson A. E., Clark J., Wohlfarth B., Mitrovica 
J. X., Hostetler S. W. and McCabe A. M. (2009) The Last Glacial Maximum. 
Science 325, 710–4. 
Clark R. C. and Blumer M. (1967) Distribution of n-Paraffins In Marine Organisms 
and Sediment. Limnol. Oceanogr. 12, 79–87. 
Cole J. M., Goldstein S. L., deMenocal P. B., Hemming S. R. and Grousset F. E. 
(2009) Contrasting compositions of Saharan dust in the eastern Atlantic Ocean 
during the last deglaciation and African Humid Period. Earth Planet. Sci. Lett. 
278, 257–266. 
Collins J. A., Govin A., Mulitza S., Heslop D., Zabel M., Hartmann J., R??hl U., 
Wefer G. and Röhl U. (2013) Abrupt shifts of the Sahara-Sahel boundary during 
Heinrich stadials. Clim. Past 9, 1181–1191. 
Collins J. A., Schefuß E., Heslop D., Mulitza S., Prange M., Zabel M., Tjallingii R., 
Dokken T. M., Huang E., Mackensen A., Schulz M., Tian J., Zarriess M. and 
 
 213 
Wefer G. (2011) Interhemispheric symmetry of the tropical African rainbelt over 
the past 23,000 years. Nat. Geosci. 4, 42–45. 
Collister J. W., Rieley G., Stern B., Eglinton G. and Fry B. (1994) Compound-specific 
~3C analyses of leaf lipids from plants with differing carbon dioxide 
metabolisms. Org. Geochem 21, 619–627. 
Conte M. H. and Weber J. C. (2002) Long-range atmospheric transport of terrestrial 
biomarkers to the western North Atlantic. Global Biogeochem. Cycles 16, 89-1-
89–17. 
Conte M. H., Weber J. C., Peter ·, Carlson J. and Flanagan L. B. (2003) Molecular 
and carbon isotopic composition of leaf wax in vegetation and aerosols in a 
northern prairie ecosystem. Oecologia 135, 67–77. 
Cook K. H. (1999) Generation of the African Easterly Jet and Its Role in Determining 
West African Precipitation. J. Clim. 12, 1165–1184. 
Costa K. M., Hayes C. T., Anderson R. F., Pavia F. J., Bausch A., Deng F., Dutay J. 
C., Geibert W., Heinze C., Henderson G., Hillaire-Marcel C., Hoffmann S., 
Jaccard S. L., Jacobel A. W., Kienast S. S., Kipp L., Lerner P., Lippold J., Lund 
D., Marcantonio F., McGee D., McManus J. F., Mekik F., Middleton J. L., 
Missiaen L., Not C., Pichat S., Robinson L. F., Rowland G. H., Roy-Barman M., 
Tagliabue A., Torfstein A., Winckler G. and Zhou Y. (2020) 230Th 
Normalization: New Insights on an Essential Tool for Quantifying Sedimentary 
Fluxes in the Modern and Quaternary Ocean. Paleoceanogr. Paleoclimatology 
35, e2019PA003820. 
Costa K. M. and McManus J. (2017) Efficacy of 230Th normalization in sediments 
from the Juan de Fuca Ridge, northeast Pacific Ocean. Geochim. Cosmochim. 
Acta 197, 215–225. 
Costa K. M., McManus J. F., Anderson R. F., Ren H., Sigman D. M., Winckler G., 
Fleisher M. Q., Marcantonio F. and Ravelo A. C. (2016) No iron fertilization in 
the equatorial Pacific Ocean during the last ice age. Nature 529, 519–522. 
Crivellari S., Chiessi C. M., Kuhnert H., Häggi C., da Costa Portilho-Ramos R., Zeng 
J.-Y., Zhang Y., Schefuß E., Mollenhauer G., Hefter J., Alexandre F., Sampaio 
G. and Mulitza S. (2018) Increased Amazon freshwater discharge during late 
Heinrich Stadial 1. Quat. Sci. Rev. 181, 144–155. 
Cuny J., Rhines P. B., Niiler P. P. and Bacon S. (2002) Labrador Sea boundary 




Daly G. T. (1964) Leaf-surface Wax in Poa colensoi. J. Exp. Bot. 15, 160–165. 
Damuth J. E. (1977) Late Quaternary sedimentation in the western equatorial 
Atlantic. Geol. Soc. Am. Bull. 88, 695. 
Darwin C. (1846) An account of the Fine Dust which often falls on Vessels in the 
Atlantic Ocean. Q. J. Geol. Soc. 2, 26–30. 
deMenocal P., Ortiz J., Guilderson T., Adkins J., Sarnthein M., Baker L. and 
Yarusinsky M. (2000) Abrupt onset and termination of the African Humid 
Period:: rapid climate responses to gradual insolation forcing. Quat. Sci. Rev. 
19, 347–361. 
DeMott P. J., Sassen K., Poellot M. R., Baumgardner D., Rogers D. C., Brooks S. D., 
Prenni A. J. and Kreidenweis S. M. (2003) African dust aerosols as atmospheric 
ice nuclei. Geophys. Res. Lett. 30. 
Deng F., Henderson G. M., Castrillejo M., Perez F. F. and Steinfeldt R. (2018) 
Evolution of 231 Pa and 230 Th in overflow waters of the North Atlantic. 
Biogeosciences 15, 7299–7313. 
Deng F., Thomas A. L., Rijkenberg M. J. A. and Henderson G. M. (2014) Controls on 
seawater 231Pa, 230Th and 232Th concentrations along the flow paths of deep 
waters in the Southwest Atlantic. Earth Planet. Sci. Lett. 390, 93–102. 
Deplazes G., Lückge A., Peterson L. C., Timmermann A., Hamann Y., Hughen K. A., 
Röhl U., Laj C., Cane M. A., Sigman D. M. and Haug G. H. (2013) Links 
between tropical rainfall and North Atlantic climate during the last glacial period. 
Nat. Geosci. 6, 213–217. 
Diefendorf A. F. and Freimuth E. J. (2017) Extracting the most from terrestrial plant-
derived n-alkyl lipids and their carbon isotopes from the sedimentary record: A 
review. Org. Geochem. 103, 1–21. 
Diekmann B. (2007) Sedimentary patterns in the late Quaternary Southern Ocean. 
Deep Sea Res. Part II Top. Stud. Oceanogr. 54, 2350–2366. 
Diner D. (2009) MISR Level 3 Component Global Aerosol product covering a month 
HDF-EOS File - Version 4 [Data set]. NASA Langley Atmospheric Science Data 
Center DAAC. 
van der Does M., Brummer G. J. A., van Crimpen F. C. J., Korte L. F., Mahowald N. 
M., Merkel U., Yu H., Zuidema P. and Stuut J. B. W. (2020) Tropical Rains 
Controlling Deposition of Saharan Dust Across the North Atlantic Ocean. 
 
 215 
Geophys. Res. Lett. 47. 
van der Does M., Knippertz P., Zschenderlein P., Giles Harrison R. and Stuut J.-B. 
W. (2018a) The mysterious long-range transport of giant mineral dust particles. 
Sci. Adv. 4, eaau2768. 
van der Does M., Pourmand A., Sharifi A. and Stuut J.-B. W. (2018b) North African 
mineral dust across the tropical Atlantic Ocean: Insights from dust particle size, 
radiogenic Sr-Nd-Hf isotopes and rare earth elements (REE). Aeolian Res. 33, 
106–116. 
Domańska U. and Rolińska J. (1989) Correlation of the solubility of even-numbered 
paraffins C20H42, C24H50, C26H54, C28H58 in pure hydrocarbons. Fluid 
Phase Equilib. 45, 25–38. 
Donohoe A., Marshall J., Ferreira D. and McGee D. (2013) The Relationship 
between ITCZ Location and Cross-Equatorial Atmospheric Heat Transport: 
From the Seasonal Cycle to the Last Glacial Maximum. J. Clim. 26, 3597–3618. 
Drozd J. (1975) Chemical derivatization in gas chromatography. J. Chromatogr. A 
113, 303–356. 
Dupont L. M. and Schefuß E. (2018) The roles of fire in Holocene ecosystem 
changes of West Africa. Earth Planet. Sci. Lett. 481, 255–263. 
Eakins B. W. and Sharman G. F. (2010) Volumes of the World’s Oceans from 
ETOPO1. 
Eglinton G., Gonzalez A. G., Haiiilton R. J. and Raphael R. A. (1962) Hydrocarbon 
Constituents of the Wax Coatings of Plant Leaves: A Taxonomic Survey. 
Phytochemistry 1, 89–102. 
Eglinton G. and Hamilton R. J. (1967) Leaf Epicuticular Waxes. Science (80-. ). 156, 
1322–1335. 
Eglinton T. I., Benitez-Nelson B. C., Pearson A., McNichol A. P., Bauer J. E. and M 
Druffel E. R. (1997) Variability in Radiocarbon Ages of Individual Organic 
Compounds from Marine Sediments. Science (80-. ). 277, 796–799. 
Eglinton T. I., Eglinton G., Dupont L., Sholkovitz E. R., Montluçon D. and Reddy C. 
M. (2002) Composition, age, and provenance of organic matter in NW African 
dust over the Atlantic Ocean. Geochemistry, Geophys. Geosystems 3, 1–27. 
Engelstaeder S., Tegen I. and Washington R. (2006) North African dust emissions 
and transport. Earth-Science Rev. 79, 73–100. 
Engelstaeder S. and Washington R. (2007a) Atmospheric controls on the annual 
 
 216 
cycle of North African dust. J. Geophys. Res. 112, D03103. 
Engelstaeder S. and Washington R. (2007b) Temporal controls on global dust 
emissions: The role of surface gustiness. Geophys. Res. Lett. 34. 
Eva H. D., Belward A. S., De Miranda E. E., Di Bella C. M., Gond V., Huber O., 
Jones S., Sgrenzaroli M. and Fritz S. (2004) A land cover map of South 
America. Glob. Chang. Biol. 10, 731–744. 
Evan A. T., Fiedler S., Zhao C., Menut L., Schepanski K., Flamant C. and Doherty O. 
(2015) Derivation of an observation-based map of North African dust emission. 
Aeolian Res. 16, 153–162. 
Evan A. T., Flamant C., Fiedler S. and Doherty O. (2014) An analysis of aeolian dust 
in climate models. Geophys. Res. Lett. 41, 5996–6001. 
Evan A. T., Flamant C., Gaetani M. and Guichard F. (2016) The past, present and 
future of African dust. Nature 531, 493–495. 
Evan A. T., Vimont D. J., Heidinger A. K., Kossin J. P. and Bennartz R. (2009) The 
role of aerosols in the evolution of tropical North Atlantic Ocean temperature 
anomalies. Science (80-. ). 324, 778–81. 
Farquhar G. D., Ehleringer L. R. and Hubic K. T. (1989) Carbon Isotope 
Discrimination and Photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Bioi 40, 
503–540. 
Farrington J. W. and Tripp B. W. (1977) Hydrocarbons in western North Atlantic 
surface sediments. Geochim. Cosmochim. Acta 41, 1627–1641. 
Fischer G. and Karakas G. (2009) Sinking rates and ballast composition of particles 
in the Atlantic Ocean: implications for the organic carbon fluxes to the deep 
ocean. Biogeosciences 6, 85–102. 
Frajka-Williams E. and Rhines P. B. (2010) Physical controls and interannual 
variability of the Labrador Sea spring phytoplankton bloom in distinct regions. 
Deep Sea Res. Part I Oceanogr. Res. Pap. 57, 541–552. 
François R. and Bacon M. P. (1991) Variations in Terrigenous Input Into the Deep 
Equatorial Atlantic During the Past 24,000 Years. Science (80-. ). 251, 1473–
1476. 
François R., Bacon M. P. and Suman D. O. (1990) Thorium 230 profiling in deep-sea 
sediments: High-resolution records of flux and dissolution of carbonate in the 
equatorial Atlantic during the last 24,000 years. Paleoceanography 5, 761–787. 
François R., Frank M., Rutgers van der Loeff M. M. and Bacon M. P. (2004) 230 Th 
 
 217 
normalization: An essential tool for interpreting sedimentary fluxes during the 
late Quaternary. Paleoceanography 19. 
Freeman K. H. and Pancost R. D. (2014) Biomarkers for Terrestrial Plants and 
Climate. Treatise on Geochemistry, 395–416. 
Freimuth E. J., Diefendorf A. F. and Lowell T. V. (2017) Hydrogen isotopes of n-
alkanes and n-alkanoic acids as tracers of precipitation in a temperate forest 
and implications for paleorecords. Geochim. Cosmochim. Acta 206, 166–183. 
Funk A., Brandt P. and Fischer T. (2009) Eddy diffusivities estimated from 
observations in the Labrador Sea. J. Geophys. Res 114, 4001. 
García-Ibáñez M. I., Pérez F. F., Lherminier P., Zunino P., Mercier H. and Tréguer P. 
(2018) Water mass distributions and transports for the 2014 GEOVIDE cruise in 
the North Atlantic. Biogeosciences 15, 2075–2090. 
Gdaniec S., Roy-Barman M., Foliot L., Thil F., Dapoigny A., Burckel P., Garcia-
Orellana J., Masqué P., Mörth C.-M. and Andersson P. S. (2018) Thorium and 
protactinium isotopes as tracers of marine particle fluxes and deep water 
circulation in the Mediterranean Sea. Mar. Chem. 199, 12–23. 
Goddard Earth Sciences Data and Information Services Center (GES DISC) (2011) 
Tropical Rainfall Measuring Mission (TRMM), (TMPA/3B43) Rainfall Estimate L3 
1 month 0.25 degree x 0.25 degree V7, Greenbelt, MD. 
Goldberg E. D. and Koide M. (1958) Ionium-Thorium Chronology in Deep-Sea 
Sediments of the Pacific. Science (80-. ). 128, 1003–1003. 
Gonthier E., Faugères J. ., Gervais A., Ercilla G., Alonso B. and Baraza J. (2002) 
Quaternary sedimentation and origin of the Orinoco sediment–wave field on the 
Demerara continental rise (NE margin of South America). Mar. Geol. 192, 189–
214. 
González A. and Ayerbe L. (2010) Effect of terminal water stress on leaf epicuticular 
wax load, residual transpiration and grain yield in barley. Euphytica 172, 341–
349. 
Goudie A. S. and Middleton N. J. (2001) Saharan dust storms: nature and 
consequences. Earth-Science Rev. 56, 179–204. 
Gourain A., Planquette H., Cheize M., Lemaitre N., Menzel Barraqueta J.-L., Shelley 
R., Lherminier P. and Sarthou G. (2019) Inputs and processes affecting the 
distribution of particulate iron in the North Atlantic along the GEOVIDE 
(GEOTRACES GA01) section. Biogeosciences 16, 1563–1582. 
 
 218 
Govin A., Chiessi C. M., Zabel M., Sawakuchi A. O., Heslop D., Hörner T., Zhang Y. 
and Mulitza S. (2014) Terrigenous input off northern South America driven by 
changes in Amazonian climate and the North Brazil Current retroflection during 
the last 250 ka. Clim. Past 10, 843–862. 
Gregg W. W., Casey N. W. and McClain C. R. (2005) Recent trends in global ocean 
chlorophyll. Geophys. Res. Lett. 32, L03606. 
Grice K. and Eiserbeck C. (2014) The Analysis and Application of Biomarkers. 
Treatise on Geochemistry, 47–78. 
Grice K., Lu H., Zhou Y., Stuart-Williams H. and Farquhar G. D. (2008) Biosynthetic 
and environmental effects on the stable carbon isotopic compositions of anteiso- 
(3-methyl) and iso- (2-methyl) alkanes in tobacco leaves. Phytochemistry 69, 
2807–2814. 
Grousset F. E. and Biscaye P. E. (2005) Tracing dust sources and transport patterns 
using Sr, Nd and Pb isotopes. Chem. Geol. 222, 149–167. 
Grousset F. E., Parra M., Bory A., Martinez P., Bertrand P., Shimmield G. and Ellam 
R. M. (1998) Saharan wind regimes traced by the Sr-Nd isotopic composition of 
subtropical Atlantic sediments: Last Glacial Maximum vs today. Quat. Sci. Rev. 
17, 395–409. 
Häggi C., Chiessi C. M., Merkel U., Mulitza S., Prange M., Schulz M. and Schefuß E. 
(2017) Response of the Amazon rainforest to late Pleistocene climate variability. 
Earth Planet. Sci. Lett. 479, 50–59. 
Häggi C., Sawakuchi A. O., Chiessi C. M., Mulitza S., Mollenhauer G., Sawakuchi H. 
O., Baker P. A., Zabel M. and Schefuß E. (2016) Origin, transport and 
deposition of leaf-wax biomarkers in the Amazon Basin and the adjacent 
Atlantic. Geochim. Cosmochim. Acta 192, 149–165. 
Harrison S. P., Kohfeld K. E., Roelandt C. and Claquin T. (2001) The role of dust in 
climate changes today, at the last glacial maximum and in the future. Earth-
Science Rev. 54, 43–80. 
Haug G. H., Hughen K. A., Sigman D. M., Peterson L. C. and Röhl U. (2001) 
Southward migration of the intertropical convergence zone through the 
holocene. Science (80-. ). 293, 1304–1308. 
Hawkings J. R., Benning L. G., Raiswell R., Kaulich B., Araki T., Abyaneh M., 
Stockdale A., Koch-Müller M., Wadham J. L. and Tranter M. (2018) Biolabile 




Hawkings J. R., Jemma W., Martyn T., Jon T., Elizabeth B., Alexander B., Sarah-
Louise S., David C., Andrew T. and Peter N. (2016) The Greenland Ice Sheet as 
a hot spot of phosphorus weathering and export in the Arctic. Global 
Biogeochem. Cycles 30, 191–210. 
Hawkings J. R., Wadham J. L., Tranter M., Raiswell R., Benning L. G., Statham P. 
J., Tedstone A., Nienow P., Lee K. and Telling J. (2014) Ice sheets as a 
significant source of highly reactive nanoparticulate iron to the oceans. Nat. 
Commun. 5, 3929. 
Hayes C. T., Anderson R. F., Cheng H., Conway T. M., Edwards R. L., Fleisher M. 
Q., Ho P., Huang K.-F., John S. G., Landing W. M., Little S. H., Lu Y., Morton P. 
L., Moran S. B., Robinson L. F., Shelley R. U., Shiller A. M. and Zheng X.-Y. 
(2018a) Replacement Times of a Spectrum of Elements in the North Atlantic 
Based on Thorium Supply. Global Biogeochem. Cycles 32, 1294–1311. 
Hayes C. T., Anderson R. F., Fleisher M. Q., Serno S., Winckler G. and Gersonde R. 
(2013) Quantifying lithogenic inputs to the North Pacific Ocean using the long-
lived thorium isotopes. Earth Planet. Sci. Lett. 383, 16–25. 
Hayes C. T., Anderson R. F., Fleisher M. Q., Vivancos S. M., Lam P. J., Ohnemus D. 
C., Huang K.-F. F., Robinson L. F., Lu Y., Cheng H., Edwards R. L. and Moran 
S. B. (2015a) Intensity of Th and Pa scavenging partitioned by particle chemistry 
in the North Atlantic Ocean. Mar. Chem. 170, 49–60. 
Hayes C. T., Black E. E., Anderson R. F., Baskaran M., Buesseler K. O., Charette M. 
A., Cheng H., Cochran J. K., Edwards R. L., Fitzgerald P., Lam P. J., Lu Y., 
Morris S. O., Ohnemus D. C., Pavia F. J., Stewart G. and Tang Y. (2018b) Flux 
of Particulate Elements in the North Atlantic Ocean Constrained by Multiple 
Radionuclides. Global Biogeochem. Cycles 32, 1738–1758. 
Hayes C. T., Fitzsimmons J. N., Boyle E. A., McGee D., Anderson R. F., Weisend R. 
and Morton P. L. (2015b) Thorium isotopes tracing the iron cycle at the Hawaii 
Ocean Time-series Station ALOHA. Geochim. Cosmochim. Acta 169, 1–16. 
Hayes C. T., Fleisher M. Q., Huang K.-F., Robinson L. F., Lu Y., Cheng H., Edwards 
R. L., Moran S. B., Anderson R. F., Fleisher M. Q., Huang K.-F., Robinson L. F., 
Lu Y., Cheng H., Edwards R. L. and Moran S. B. (2015c) 230Th and 231Pa on 
GEOTRACES GA03, the U.S. GEOTRACES North Atlantic transect, and 
implications for modern and paleoceanographic chemical fluxes. Deep Sea Res. 
 
 220 
Part II Top. Stud. Oceanogr. 116, 29–41. 
Hayes C. T., McGee D., Mukhopadhyay S., Boyle E. A. and Maloof A. C. (2017a) 
Helium and thorium isotope constraints on African dust transport to the 
Bahamas over recent millennia. Earth Planet. Sci. Lett. 457, 385–394. 
Hayes C. T., Rosen J., McGee D. and Boyle E. A. (2017b) Thorium distributions in 
high- and low-dust regions and the significance for iron supply. Global 
Biogeochem. Cycles 31, 328–347. 
Hefter J., Naafs B. D. A. and Zhang S. (2017) Tracing the source of ancient 
reworked organic matter delivered to the North Atlantic Ocean during Heinrich 
Events. Geochim. Cosmochim. Acta 205, 211–225. 
Hély C., Lézine A. and Contributors A. (2014) Holocene changes in African 
vegetation: tradeoff between climate and water availability. Clim. Past 10, 681–
686. 
Hemming S. ., Biscaye P. ., Broecker W. ., Hemming N. ., Klas M. and Hajdas I. 
(1998) Provenance change coupled with increased clay flux during deglacial 
times in the western equatorial Atlantic. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 142, 217–230. 
Henderson G. M., Heinze C., Anderson R. F. and Winguth A. M. E. (1999) Global 
distribution of the 230Th flux to ocean sediments constrained by GCM 
modelling. Deep. Res. Part I Oceanogr. Res. Pap. 46, 1861–1893. 
Henderson Gideon M and Anderson R. F. (2003) The U-series Toolbox for 
Paleoceanography. In Reviews in Mineralogy and Geochemistry (eds. B. 
Bourdon, G. M. Henderson, C. C. Lundstrom, and S. P. Turner). pp. 493–531. 
Hendry K. R. (2017) RRS Discovery Cruise DY081, ICY-LAB Isotope CYcling in the 
LABrador Sea Cruise Report., 
Hendry K. R., Huvenne V. A. I., Robinson L. F., Annett A., Badger M., Jacobel A. W., 
Ng H. C., Opher J., Pickering R. A., Taylor M. L., Bates S. L., Cooper A., 
Cushman G. G., Goodwin C., Hoy S., Rowland G. H., Samperiz A., Williams J. 
A., Achterberg E. P., Arrowsmith C., Alexander Brearley J., Henley S. F., Krause 
J. W., Leng M. J., Li T., McManus J. F., Meredith M. P., Perkins R. and 
Woodward E. M. S. (2019a) The biogeochemical impact of glacial meltwater 
from Southwest Greenland. Prog. Oceanogr. 176, 102126. 
Hendry K. R., Huvenne V. A. I., Robinson L. F., Annett A., Badger M., Jacobel A. W., 
Ng H. C., Opher J., Pickering R. A., Taylor M. L., Bates S. L., Cooper A., 
 
 221 
Cushman G. G., Goodwin C., Hoy S., Rowland G., Samperiz A., Williams J. A., 
Achterberg E. P., Arrowsmith C., Alexander Brearley J., Henley S. F., Krause J. 
W., Leng M. J., Li T., McManus J. F., Meredith M. P., Perkins R. and Woodward 
E. M. S. (2019b) The biogeochemical impact of glacial meltwater from 
Southwest Greenland. Prog. Oceanogr. 176, 102126. 
Henriksen N., Higgins A. K., Kalsbeek F., Christopher T. and Pulvertaft R. (1995) 
Greenland from Archaean to Quaternary Descriptive text to the 1995 Geological 
map of Greenland, 1:2 500 000., 
Herrera-Herrera A. V. and Mallol C. (2018) Quantification of lipid biomarkers in 
sedimentary contexts: Comparing different calibration methods. Org. Geochem. 
125, 152–160. 
Hillaire-Marcel C., Aksu A., Causse C., de Vernal A. and Ghaleb B. (1990) Response 
of Th/U in deep Labrador Sea sediments (ODP Site 646 to changes in 
sedimentation rates and paleoproductivities. Geology 18, 162–165. 
Hoffmann B., Kahmen A., Cernusak L. A., Arndt S. K. and Sachse D. (2013) 
Abundance and distribution of leaf wax n-alkanes in leaves of Acacia and 
Eucalyptus trees along a strong humidity gradient in northern Australia. Org. 
Geochem. 62, 62–67. 
Holliday N. P., Bacon S., Allen J. and McDonagh E. L. (2009) Circulation and 
Transport in the Western Boundary Currents at Cape Farewell, Greenland. J. 
Phys. Oceanogr. 39, 1854–1870. 
Holtvoeth J., Rushworth D., Copsey H., Imeri A., Cara M., Vogel H., Wagner T. and 
Wolff G. A. (2016) Improved end-member characterisation of modern organic 
matter pools in the Ohrid Basin (Albania, Macedonia) and evaluation of new 
palaeoenvironmental proxies. Biogeosciences 13, 795–816. 
Hopwood M. J., Bacon S., Arendt K., Connelly D. P. and Statham P. J. (2015) 
Glacial meltwater from Greenland is not likely to be an important source of Fe to 
the North Atlantic. Biogeochemistry 124, 1–11. 
Hopwood M. J., Carroll D., Browning T. J., Meire L., Mortensen J., Krisch S. and 
Achterberg E. P. (2018) Non-linear response of summertime marine productivity 
to increased meltwater discharge around Greenland. Nat. Commun. 9, 3256. 
Hopwood M. J., Carroll D., Dunse T., Hodson A., Holding J. M., Iriarte J. L., Ribeiro 
S., Achterberg E. P., Cantoni C., Carlson D. F., Chierici M., Clarke J. S., Cozzi 
S., Fransson A., Juul-Pedersen T., Winding M. H. S. and Meire L. (2020) How 
 
 222 
does glacier discharge affect marine biogeochemistry and primary production in 
the Arctic? Cryosph. 14, 1347–1383. 
Hopwood M. J., Connelly D. P., Arendt K. E., Juul-Pedersen T., Stinchcombe M. C., 
Meire L., Esposito M. and Krishna R. (2016) Seasonal Changes in Fe along a 
Glaciated Greenlandic Fjord. Front. Earth Sci. 4, 15. 
Hsieh Y.-T., Henderson G. M. and Thomas A. L. (2011) Combining seawater 232Th 
and 230Th concentrations to determine dust fluxes to the surface ocean. Earth 
Planet. Sci. Lett. 312, 280–290. 
Huang Y., Dupont L., Sarnthein M., Hayes J. M. and Eglinton G. (2000) Mapping of 
C4 plant input from North West Africa into North East Atlantic sediments. 
Geochim. Cosmochim. Acta 64, 3505–3513. 
Hudson-Edwards K. A., Bristow C. S., Cibin G., Mason G. and Peacock C. L. (2014) 
Solid-phase phosphorus speciation in Saharan Bodélé Depression dusts and 
source sediments. Chem. Geol. 384, 16–26. 
Van Hulten M., Dutay J.-C. and Roy-Barman M. (2018) A global scavenging and 
circulation ocean model of thorium-230 and protactinium-231 with improved 
particle dynamics (NEMO-ProThorP 0.1). Geosci. Model Dev 11, 3537–3556. 
Hutchins D. A. and Bruland K. W. (1998) Iron-limited diatom growth and Si:N uptake 
ratios in a coastal upwelling regime. Nature 393, 561–564. 
Hvid Ribergaard M., Anker Pedersen S., Ådlandsvik B. and Kliem N. (2004) 
Modelling the ocean circulation on the West Greenland shelf with special 
emphasis on northern shrimp recruitment. Cont. Shelf Res. 24, 1505–1519. 
IPCC (2019) Technical Summary. In IPCC Special Report on the Ocean and 
Cryosphere in a Changing Climate (eds. H.-O. Pörtner, D. C. Roberts, V. 
Masson-Delmotte, P. Zhai, E. Poloczanska, K. Mintenbeck, M. Tignor, A. 
Alegría, M. Nicolai, A. Okem, J. Petzold, B. Rama, and N. M. Weyer). 
Iversen M. H., Nowald N., Ploug H., Jackson G. A. and Fischer G. (2010) High 
resolution profiles of vertical particulate organic matter export off Cape Blanc, 
Mauritania: Degradation processes and ballasting effects. Deep Sea Res. Part I 
Oceanogr. Res. Pap. 57, 771–784. 
Jacobel A. W., McManus J. F., Anderson R. F. and Winckler G. (2017) Climate-
related response of dust flux to the central equatorial Pacific over the past 150 
kyr. Earth Planet. Sci. Lett. 457, 160–172. 
Jacobel A. W., McManus J. F., Anderson R. F. and Winckler G. (2016) Large 
 
 223 
deglacial shifts of the Pacific Intertropical Convergence Zone. Nat Commun 7. 
Jaeschke A., Wengler M., Hefter J., Ronge T. A., Geibert W., Mollenhauer G., 
Gersonde R. and Lamy F. (2017) A biomarker perspective on dust, productivity, 
and sea surface temperature in the Pacific sector of the Southern Ocean. 
Geochim. Cosmochim. Acta 204, 120–139. 
van der Jagt H., Friese C., Stuut J.-B. W., Fischer G. and Iversen M. H. (2018) The 
ballasting effect of Saharan dust deposition on aggregate dynamics and carbon 
export: Aggregation, settling, and scavenging potential of marine snow. Limnol. 
Oceanogr. 63, 1386–1394. 
Jeandel C. and Oelkers E. H. (2015) The influence of terrigenous particulate material 
dissolution on ocean chemistry and global element cycles. Chem. Geol. 395, 
50–66. 
Ji Z., Wang G., Yu M. and Pal J. S. (2018) Potential climate effect of mineral 
aerosols over West Africa: Part II—contribution of dust and land cover to future 
climate change. Clim. Dyn. 50, 2335–2353. 
Jickells T. and Moore C. M. (2015) The Importance of Atmospheric Deposition for 
Ocean Productivity. Annu. Rev. Ecol. Evol. Syst. 46, 481–501. 
Joly J. (1909) On the distribution of thorium in the Earth’s surface materials. London, 
Edinburgh, Dublin Philos. Mag. J. Sci. 17, 760–765. 
Kawasaki T. and Hasumi H. (2014) Effect of freshwater from the West Greenland 
Current on the winter deep convection in the Labrador Sea. Ocean Model. 75, 
51–64. 
Kienast S. S., Winckler G., Lippold J., Albani S. and Mahowald N. M. (2016) Tracing 
dust input to the global ocean using thorium isotopes in marine sediments: 
ThoroMap. Global Biogeochem. Cycles 30, 1526–1541. 
Koch F. and Trimborn S. (2019) Limitation by Fe, Zn, Co, and B12 Results in Similar 
Physiological Responses in Two Antarctic Phytoplankton Species. Front. Mar. 
Sci. 6, 514. 
Koczy F. F. (1961) Ratio of thorium-230 to thorium-232 in deep-sea sediments. 
Science (80-. ). 134, 1978–1979. 
Kohfeld K. E. and Harrison S. P. (2001) DIRTMAP: the geological record of dust. 
Earth-Science Rev. 54, 81–114. 
Kohfeld K. E., Le Quéré C., Harrison S. P. and Anderson R. F. (2005) Role of marine 
biology in glacial-interglacial CO2 cycles. Science 308, 74–8. 
 
 224 
Kok J. F., Ward D. S., Mahowald N. M. and Evan A. T. (2018) Global and regional 
importance of the direct dust-climate feedback. Nat. Commun. 9, 241. 
Koren I. and Kaufman Y. J. (2004) Direct wind measurements of Saharan dust 
events from Terra and Aqua satellites. Geophys. Res. Lett. 31, n/a-n/a. 
Krause J. W., Schulz I. K., Rowe K. A., Dobbins W., Winding M. H. S., Sejr M. K., 
Duarte C. M. and Agustí S. (2019) Silicic acid limitation drives bloom termination 
and potential carbon sequestration in an Arctic bloom. Sci. Rep. 9, 8149. 
Krebs U. and Timmermann A. (2007) Tropical Air–Sea Interactions Accelerate the 
Recovery of the Atlantic Meridional Overturning Circulation after a Major 
Shutdown. J. Clim. 20, 4940–4956. 
Ku T.-L., Bischoff J. L. and Boersma A. (1972) Age studies of Mid-Atlantic Ridge 
sediments near 42°N and 20°N. Deep Sea Res. Oceanogr. Abstr. 19, 233–247. 
Kudchadker A. P. and Zwolinski B. J. (1966) Vapor Pressure and Boiling Points of 
Normal Alkanes, C21 to C100 . J. Chem. Eng. Data 11, 253–255. 
Kuechler R. R. R., Schefuß E., Beckmann B., Dupont L. and Wefer G. (2013) NW 
African hydrology and vegetation during the Last Glacial cycle reflected in plant-
wax-specific hydrogen and carbon isotopes. Quat. Sci. Rev. 82, 56–67. 
Kumar A., Abouchami W., Galer S. J. G., Garrison V. H., Williams E. and Andreae 
M. O. (2014) A radiogenic isotope tracer study of transatlantic dust transport 
from Africa to the Caribbean. Atmos. Environ. 82, 130–143. 
Kumar A., Abouchami W., Galer S. J. G., Singh S. P., Fomba K. W., Prospero J. M. 
and Andreae M. O. (2018) Seasonal radiogenic isotopic variability of the African 
dust outflow to the tropical Atlantic Ocean and across to the Caribbean. Earth 
Planet. Sci. Lett. 487, 94–105. 
Kump L. R., Brantley S. L. and Arthur M. A. (2000) Chemical Weathering, 
Atmospheric CO 2 , and Climate. Annu. Rev. Earth Planet. Sci. 28, 611–667. 
Kunst L. and Samuels A. . L. (2003) Biosynthesis and secretion of plant cuticular 
wax. Prog. Lipid Res. 42, 51–80. 
Kyte F. T., Leinen M., Ross Heath G. and Zhou L. (1993) Cenozoic sedimentation 
history of the central North Pacific: Inferences from the elemental geochemistry 
of core LL44-GPC3. Geochim. Cosmochim. Acta 57, 1719–1740. 
De La Rocha C. L. and Passow U. (2014) The Biological Pump. Treatise on 
Geochemistry, 93–122. 
Lam P. J., Ohnemus D. C. and Auro M. E. (2015) Size-fractionated major particle 
 
 225 
composition and concentrations from the US GEOTRACES North Atlantic Zonal 
Transect. Deep Sea Res. Part II Top. Stud. Oceanogr. 116, 303–320. 
Lambert F., Delmonte B., Petit J. R., Bigler M., Kaufmann P. R., Hutterli M. A., 
Stocker T. F., Ruth U., Steffensen J. P. and Maggi V. (2008) Dust-climate 
couplings over the past 800,000 years from the EPICA Dome C ice core. Nature 
452, 616–619. 
Lamy F., Gersonde R., Winckler G., Esper O., Jaeschke A., Kuhn G., Ullermann J., 
Martinez-Garcia A., Lambert F. and Kilian R. (2014) Increased Dust Deposition 
in the Pacific Southern Ocean During Glacial Periods. Science (80-. ). 343, 403–
407. 
Laskar J., Robutel P., Joutel F., Gastineau M., Correia A. C. M. and Levrard B. 
(2004) A long-term numerical solution for the insolation quantities of the Earth. 
Astron. Astrophys. 428, 261–285. 
Lavender K. L., Davis R. E. and Owens W. B. (2000) Mid-depth recirculation 
observed in the interior Labrador and Irminger seas by direct velocity 
measurements. Nature 407, 66–69. 
Lee C. (2007) CTD data from cruise KN192-02, exchange version. Available at: 
https://cchdo.ucsd.edu/cruise/316N20130914 [Accessed February 2, 2020]. 
Lézine A.-M., Hély C., Grenier C., Braconnot P. and Krinner G. (2011) Sahara and 
Sahel vulnerability to climate changes, lessons from Holocene hydrological data. 
Quat. Sci. Rev. 30, 3001–3012. 
Li G., Li L., Tarozo R., Longo W. M., Wang K. J., Dong H. and Huang Y. (2018) 
Microbial production of long-chain n-alkanes: Implication for interpreting 
sedimentary leaf wax signals. Org. Geochem. 115, 24–31. 
Lilly J. M., Rhines P. B., Schott F., Lavender K., Lazier J., Send U. and D’Asaro E. 
(2003) Observations of the Labrador Sea eddy field. Prog. Oceanogr. 59, 75–
176. 
Lippold J., Gherardi J.-M. and Luo Y. (2011) Testing the 231 Pa/ 230 Th 
paleocirculation proxy: A data versus 2D model comparison. Geophys. Res. 
Lett. 38. 
Lippold J., Gutjahr M., Blaser P., Christner E., de Carvalho Ferreira M. L., Mulitza S., 
Christl M., Wombacher F., Böhm E., Antz B., Cartapanis O., Vogel H. and 
Jaccard S. L. (2016) Deep water provenance and dynamics of the (de)glacial 
Atlantic meridional overturning circulation. Earth Planet. Sci. Lett. 445, 68–78. 
 
 226 
Lippold J., Luo Y., François R., Allen S. E., Gherardi J., Pichat S., Hickey B. and 
Schulz H. (2012a) Strength and geometry of the glacial Atlantic Meridional 
Overturning Circulation. Nat. Geosci. 5, 813–816. 
Lippold J., Mulitza S., Mollenhauer G., Weyer S., Heslop D. and Christl M. (2012b) 
Boundary scavenging at the East Atlantic margin does not negate use of 231Pa/ 
230Th to trace Atlantic overturning. Earth Planet. Sci. Lett. 333–334, 317–331. 
Lisiecki L. E. and Raymo M. E. (2005) A Pliocene-Pleistocene stack of 57 globally 
distributed benthic δ 18 O records. Paleoceanography 20. 
Liu Y., Zhang M., Liu Z., Xia Y., Huang Y., Peng Y. and Zhu J. (2018) A Possible 
Role of Dust in Resolving the Holocene Temperature Conundrum. Sci. Rep. 8, 
4434. 
Lund D. C., Pavia F. J., Seeley E. I., McCart S. E., Rafter P. A., Farley K. A., Asimow 
P. D. and Anderson R. F. (2019) Hydrothermal scavenging of 230Th on the 
Southern East Pacific Rise during the last deglaciation. Earth Planet. Sci. Lett. 
510, 64–72. 
Luo H., Bracco A. and Di Lorenzo E. (2011) The interannual variability of the surface 
eddy kinetic energy in the Labrador Sea. Prog. Oceanogr. 91, 295–311. 
Luo H., Castelao R. M., Rennermalm A. K., Tedesco M., Bracco A., Yager P. L. and 
Mote T. L. (2016) Oceanic transport of surface meltwater from the southern 
Greenland ice sheet. Nat. Geosci. 9, 528–532. 
Magill C. R., Ashley G. M. and Freeman K. H. (2013) Ecosystem variability and early 
human habitats in eastern Africa. Proc. Natl. Acad. Sci. 110, 1167–1174. 
Maher B. A., Prospero J. M., Mackie D., Gaiero D., Hesse P. P. and Balkanski Y. 
(2010) Global connections between aeolian dust, climate and ocean 
biogeochemistry at the present day and at the last glacial maximum. Earth-
Science Rev. 99, 61–97. 
Mahowald N. M., Baker A. R., Bergametti G., Brooks N., Duce R. A., Jickells T. D., 
Kubilay N., Prospero J. M. and Tegen I. (2005) Atmospheric global dust cycle 
and iron inputs to the ocean. Global Biogeochem. Cycles 19. 
Makou M., Eglinton T., McIntyre C., Montluçon D., Antheaume I. and Grossi V. 
(2018) Plant Wax n-Alkane and n-Alkanoic Acid Signatures Overprinted by 
Microbial Contributions and Old Carbon in Meromictic Lake Sediments. 
Geophys. Res. Lett. 45, 1049–1057. 
Marcantonio F., Anderson R. F., Higgins S., Fleisher M. Q., Stute M. and Schlosser 
 
 227 
P. (2001) Abrupt intensification of the SW Indian Ocean monsoon during the last 
deglaciation: constraints from Th, Pa, and He isotopes. Earth Planet. Sci. Lett. 
184, 505–514. 
Marcantonio F., Lyle M. and Ibrahim R. (2014) Particle sorting during sediment 
redistribution processes and the effect on 230 Th-normalized mass 
accumulation rates. Geophys. Res. Lett. 41, 5547–5554. 
Marconi D., Sigman D. M., Casciotti K. L., Campbell E. C., Alexandra Weigand M., 
Fawcett S. E., Knapp A. N., Rafter P. A., Ward B. B. and Haug G. H. (2017) 
Tropical Dominance of N 2 Fixation in the North Atlantic Ocean. Global 
Biogeochem. Cycles 31, 1608–1623. 
Marshall J., Donohoe A., Ferreira D. and McGee D. (2014) The ocean’s role in 
setting the mean position of the Inter-Tropical Convergence Zone. Clim. Dyn. 
42, 1967–1979. 
Martin J. H. (1990) Glacial-interglacial CO 2 change: The Iron Hypothesis. 
Paleoceanography 5, 1–13. 
Martínez-Garcia A., Rosell-Melé A., Geibert W., Gersonde R., Masqué P., Gaspari 
V. and Barbante C. (2009) Links between iron supply, marine productivity, sea 
surface temperature, and CO2 over the last 1.1 Ma. Paleoceanography 24, n/a-
n/a. 
Martínez-Garcia A., Rosell-Melé A., Jaccard S. L., Geibert W., Sigman D. M. and 
Haug G. H. (2011) Southern Ocean dust–climate coupling over the past four 
million years. Nature 476, 312–315. 
Martínez-García A., Sigman D. M., Ren H., Anderson R. F., Straub M., Hodell D. A., 
Jaccard S. L., Eglinton T. I., Haug G. H. and Martinez-Garcia A. (2014) Iron 
fertilization of the subantarctic ocean during the last ice age. Science (80-. ). 
343, 1347–1350. 
Marzi R., Torkelson B. E. and Olson R. K. (1993) A revised carbon preference index. 
Org. Geochem 20, 1303–1306. 
Maslin M. A., Ettwein V. J., Boot C. S., Bendle J. and Pancost R. D. (2012) Amazon 
Fan biomarker evidence against the Pleistocene rainforest refuge hypothesis? J. 
Quat. Sci. 27, 451–460. 
Matsumoto G. I., Akiyama M., Watanuki K. and Torii T. (1990) Unusual distributions 




Mayaux P., Bartholomé E., Fritz S. and Belward A. (2004) A new land-cover map of 
Africa for the year 2000. J. Biogeogr. 31, 861–877. 
McGee D. (2020) Glacial–Interglacial Precipitation Changes. Ann. Rev. Mar. Sci. 12, 
525–557. 
McGee D., Broecker W. S. and Winckler G. (2010a) Gustiness: The driver of glacial 
dustiness? Quat. Sci. Rev. 29, 2340–2350. 
McGee D., DeMenocal P. B. B., Winckler G., Stuut J. B. W. B. W. and Bradtmiller L. 
I. (2013) The magnitude, timing and abruptness of changes in North African dust 
deposition over the last 20,000 yr. Earth Planet. Sci. Lett. 371–372, 163–176. 
McGee D., Donohoe A., Marshall J. and Ferreira D. (2014) Changes in ITCZ location 
and cross-equatorial heat transport at the Last Glacial Maximum, Heinrich 
Stadial 1, and the mid-Holocene. Earth Planet. Sci. Lett. 390, 69–79. 
McGee D., Marcantonio F. and Lynch-Stieglitz J. (2007) Deglacial changes in dust 
flux in the eastern equatorial Pacific. Earth Planet. Sci. Lett. 257, 215–230. 
McGee D., Marcantonio F., McManus J. F. and Winckler G. (2010b) The response of 
excess 230Th and extraterrestrial 3He to sediment redistribution at the Blake 
Ridge, western North Atlantic. Earth Planet. Sci. Lett. 299, 138–149. 
McGee D., Winckler G., Borunda A., Serno S., Anderson R. F., Recasens C., Bory 
A., Gaiero D., Jaccard S. L., Kaplan M., McManus J. F., Revel M. and Sun Y. 
(2016) Tracking eolian dust with helium and thorium: Impacts of grain size and 
provenance. Geochim. Cosmochim. Acta 175, 47–67. 
McIntyre A., Ruddiman W. F., Karlin K. and Mix A. C. (1989) Surface water response 
of the equatorial Atlantic Ocean to orbital forcing. Paleoceanography 4, 19–55. 
Meckler A. N., Sigman D. M., Gibson K. A., François R., Martínez-García A., Jaccard 
S. L., Röhl U., Peterson L. C., Tiedemann R. and Haug G. H. (2013) Deglacial 
pulses of deep-ocean silicate into the subtropical North Atlantic Ocean. Nature 
495, 495–498. 
Meire L., Mortensen J., Meire P., Juul-Pedersen T., Sejr M. K., Rysgaard S., 
Nygaard R., Huybrechts P. and Meysman F. J. R. (2017) Marine-terminating 
glaciers sustain high productivity in Greenland fjords. Glob. Chang. Biol. 23, 
5344–5357. 
Meyer I., Davies G. R. and Stuut J.-B. B. W. (2011) Grain size control on Sr-Nd 
isotope provenance studies and impact on paleoclimate reconstructions: An 




Middleton J. L., Langmuir C. H., Mukhopadhyay S., McManus J. F. and Mitrovica J. 
X. (2016) Hydrothermal iron flux variability following rapid sea level changes. 
Geophys. Res. Lett. 43, 3848–3856. 
Middleton J. L., Mukhopadhyay S., Langmuir C. H., McManus J. F. and Huybers P. 
J. (2018) Millennial-scale variations in dustiness recorded in Mid-Atlantic 
sediments from 0 to 70 ka. Earth Planet. Sci. Lett. 482, 12–22. 
Missiaen L., Pichat S., Waelbroeck C., Douville E., Bordier L., Dapoigny A., Thil F., 
Foliot L. and Wacker L. (2018) Downcore Variations of Sedimentary Detrital 
(238U/232Th) Ratio: Implications on the Use of 230Thxs and 231Paxs to 
Reconstruct Sediment Flux and Ocean Circulation. Geochemistry, Geophys. 
Geosystems 19, 2560–2573. 
Moore C. M., Mills M. M., Achterberg E. P., Geider R. J., LaRoche J., Lucas M. I., 
McDonagh E. L., Pan X., Poulton A. J., Rijkenberg M. J. A., Suggett D. J., 
Ussher S. J. and Woodward E. M. S. (2009) Large-scale distribution of Atlantic 
nitrogen fixation controlled by iron availability. Nat. Geosci. 2, 867–871. 
Moore C. M., Mills M. M., Arrigo K. R., Berman-Frank I., Bopp L., Boyd P. W., 
Galbraith E. D., Geider R. J., Guieu C., Jaccard S. L., Jickells T. D., La Roche 
J., Lenton T. M., Mahowald N. M., Marañón E., Marinov I., Moore J. K., 
Nakatsuka T., Oschlies A., Saito M. A., Thingstad T. F., Tsuda A. and Ulloa O. 
(2013) Processes and patterns of oceanic nutrient limitation. Nat. Geosci. 6, 
701–710. 
Moran S. B., Charette M. A., Hoff ’ J. A., Edwards R. L. and Landihg ’ W. M. (1997) 
Distribution of 230Th in the Labrador Sea and its relation ito ventilation. Earth 
Planet. Sci. Lett. 50. 
Moran S. B., Shen C.-C., Edmonds H. N., Weinstein S. E., Smith J. N. and Edwards 
R. L. (2002) Dissolved and particulate 231Pa and 230Th in the Atlantic Ocean: 
Constraints on intermediate/deep water age, boundary scavenging, and 
231Pa/230Th fractionation. Earth Planet. Sci. Lett. 203, 999–1014. 
Morris P. J. and Charette M. A. (2013) A synthesis of upper ocean carbon and 
dissolved iron budgets for Southern Ocean natural iron fertilisation studies. 
Deep. Res. Part II Top. Stud. Oceanogr. 90, 147–157. 
Mukhopadhyay S. and Kreycik P. (2008) Dust generation and drought patterns in 




Mulitza S., Chiessi C. M., Schefuß E., Lippold J., Wichmann D., Antz B., Mackensen 
A., Paul A., Prange M., Rehfeld K., Werner M., Bickert T., Frank N., Kuhnert H., 
Lynch-Stieglitz J., Portilho-Ramos R. C., Sawakuchi A. O., Schulz M., Schwenk 
T., Tiedemann R., Vahlenkamp M. and Zhang Y. (2017) Synchronous and 
proportional deglacial changes in Atlantic meridional overturning and northeast 
Brazilian precipitation. Paleoceanography 32, 622–633. 
Mulitza S., Prange M., Stuut J.-B., Zabel M., von Dobeneck T., Itambi A. C., Nizou J., 
Schulz M. and Wefer G. (2008) Sahel megadroughts triggered by glacial 
slowdowns of Atlantic meridional overturning. Paleoceanography 23. 
Murphy B. P., Johnson J. P. L., Gasparini N. M. and Sklar L. S. (2016) Chemical 
weathering as a mechanism for the climatic control of bedrock river incision. 
Nature 532, 223–227. 
Myers P. G., Donnelly C. and Ribergaard M. H. (2009) Structure and variability of the 
West Greenland Current in Summer derived from 6 repeat standard sections. 
Prog. Oceanogr. 80, 93–112. 
Nascimento R. C., da Silva Yuri Jacques Agra Bezerra, do Nascimento C. W. A., da 
Silva Ygor Jacques Agra Bezerra, da Silva R. J. A. B. and Collins A. L. (2019) 
Thorium content in soil, water and sediment samples and fluvial sediment-
associated transport in a catchment system with a semiarid-coastal interface, 
Brazil. Environ. Sci. Pollut. Res., 1–9. 
National Research Council (1994) Material Fluxes on the Surface of the Earth., The 
National Academies Press, Washington, DC. 
Nelson D. M., Tréguer P., Brzezinski M. A., Leynaert A. and Quéguiner B. (1995) 
Production and dissolution of biogenic silica in the ocean: Revised global 
estimates, comparison with regional data and relationship to biogenic 
sedimentation. Global Biogeochem. Cycles 9, 359–372. 
Neuer S., Ratmeyer V., Davenport R., Fischer G. and Wefer G. (1997) Deep water 
particle flux in the Canary Island region: seasonal trends in relation to long-term 
satellite derived pigment data and lateral sources. Deep Sea Res. Part I 
Oceanogr. Res. Pap. 44, 1451–1466. 
Ng H. C. (2016) Investigation of sedimentary 231Pa/230Th as a proxy of Atlantic 




Ng H. C., Robinson L. F., McManus J. F., Mohamed K. J., Jacobel A. W., Ivanovic R. 
F., Gregoire L. J. and Chen T. (2018) Coherent deglacial changes in western 
Atlantic Ocean circulation. Nat. Commun. 9, 2947. 
Nguyen Tu T. T., Egasse C., Zeller B., Bardoux G., Biron P., Ponge J.-F., David B. 
and Derenne S. (2011) Early degradation of plant alkanes in soils: A litterbag 
experiment using 13C-labelled leaves. Soil Biol. Biochem. 43, 2222–2228. 
Nicholson S. E. (2009) A revised picture of the structure of the “monsoon” and land 
ITCZ over West Africa. Clim. Dyn. 32, 1155–1171. 
Niedermeier N., Held A., Müller T., Heinold B., Schepanski K., Tegen I., Kandler K., 
Ebert M., Weinbruch S., Read K., Lee J., Fomba K. W., Müller K., Herrmann H. 
and Wiedensohler A. (2014) Mass deposition fluxes of Saharan mineral dust to 
the tropical northeast Atlantic Ocean: an intercomparison of methods. Atmos. 
Chem. Phys. 14, 2245–2266. 
Niedermeyer E. M., Schefuß E., Sessions A. L., Mulitza S., Mollenhauer G., Schulz 
M. and Wefer G. (2010) Orbital- and millennial-scale changes in the hydrologic 
cycle and vegetation in the western African Sahel: insights from individual plant 
wax δD and δ13C. Quat. Sci. Rev. 29, 2996–3005. 
Noble T. L., Piotrowski A. M., Robinson L. F., McManus J. F., Hillenbrand C.-D. and 
Bory A. J.-M. (2012) Greater supply of Patagonian-sourced detritus and 
transport by the ACC to the Atlantic sector of the Southern Ocean during the last 
glacial period. Earth Planet. Sci. Lett. 317–318, 374–385. 
Nudelman Ayelet, Bechor Y., Falb E., Fischer B., Wexler B. A. and Nudelman 
Abraham (1998) Acetyl Chloride-Methanol as a Convenient Reagent for: A) 
Quantitative Formation of Amine Hydrochlorides B) Carboxylate Ester Formation 
C) Mild Removal of N-t-Boc-Protective Group. Synth. Commun. 28, 471–474. 
O’leary M. H. (1981) Carbon isotope fractionation in plants. Phytochemistry 20, 553–
567. 
Oliver H., Luo H., Castelao R. M., van Dijken G. L., Mattingly K. S., Rosen J. J., Mote 
T. L., Arrigo K. R., Rennermalm Å. K., Tedesco M. and Yager P. L. (2018) 
Exploring the Potential Impact of Greenland Meltwater on Stratification, 
Photosynthetically Active Radiation, and Primary Production in the Labrador 
Sea. J. Geophys. Res. Ocean. 123, 2570–2591. 
Osborne C. P. and Beerling D. J. (2006) Nature’s green revolution: the remarkable 
evolutionary rise of C 4 plants. Philos. Trans. R. Soc. B Biol. Sci. 361, 173–194. 
 
 232 
Overeem I., Hudson B. D., Syvitski J. P. M., Mikkelsen A. B., Hasholt B., van den 
Broeke M. R., Noël B. P. Y. and Morlighem M. (2017) Substantial export of 
suspended sediment to the global oceans from glacial erosion in Greenland. 
Nat. Geosci. 10, 859–863. 
Pabortsava K., Lampitt R. S., Benson J., Crowe C., McLachlan R., Le Moigne F. A. 
C., Mark Moore C., Pebody C., Provost P., Rees A. P., Tilstone G. H. and 
Woodward E. M. S. (2017) Carbon sequestration in the deep Atlantic enhanced 
by Saharan dust. Nat. Geosci. 10, 189–194. 
Painter S. C., Henson S. A., Forryan A., Steigenberger S., Klar J., Stinchcombe M. 
C., Rogan N., Baker A. R., Achterberg E. P. and Moore C. M. (2014) An 
assessment of the vertical diffusive flux of iron and other nutrients to the surface 
waters of the subpolar North Atlantic Ocean. Biogeosciences 11, 2113–2130. 
Perron J. T. (2017) Climate and the Pace of Erosional Landscape Evolution. Annu. 
Rev. Earth Planet. Sci. 45, 561–591. 
Peters M. and Tetzlaff G. (1990) West African Palaeosynoptic Patterns at the Last 
Glacial Maximum. Theor. Appl. Climatol. 42, 67–79. 
Petschick R., Kuhn G. and Gingele F. (1996) Clay mineral distribution in surface 
sediments of the South Atlantic: sources, transport, and relation to 
oceanography. Mar. Geol. 130, 203–229. 
Pettersson H. (1949) The Geochronology of the Deep Ocean Bed. Tellus 1. 
Pettersson H. (1938) The proportion of thorium to uranium in rocks and in the sea. 
Anzeiger der Akad. der Wissenschaften Wien. Math., 127–8. 
Peucker-Ehrenbrink B. (2018) Land2Sea database, version 2.0. Available at: 
https://doi.org/10.1594/PANGAEA.892680. 
Peucker-Ehrenbrink B. (2009) Land2Sea database of river drainage basin sizes, 
annual water discharges, and suspended sediment fluxes. Geochemistry, 
Geophys. Geosystems 10. 
Picciotto E. and Wilgain S. (1954) Thorium determination in deep-sea sediments. 
Nature 173, 632–633. 
Planquette H. and Sherrell R. M. (2012) Sampling for particulate trace element 
determination using water sampling bottles: methodology and comparison to in 
situ pumps. Limnol. Oceanogr. Methods 10, 367–388. 
Portilho-Ramos R. C., Chiessi C. M., Zhang Y., Mulitza S., Kucera M., Siccha M., 
Prange M. and Paul A. (2017) Coupling of equatorial Atlantic surface 
 
 233 
stratification to glacial shifts in the tropical rainbelt. Sci. Rep. 7, 1561. 
Poulton S. W. and Raiswell R. (2002) The low-temperature geochemical cycle of 
iron: From continental fluxes to marine sediment deposition. Am. J. Sci. 302, 
774–805. 
Pourmand A., Marcantonio F. and Schulz H. (2004) Variations in productivity and 
eolian fluxes in the northeastern Arabian Sea during the past 110 ka. Earth 
Planet. Sci. Lett. 221, 39–54. 
Powell C. F., Baker A. R., Jickells T. D., Bange H. W., Chance R. J. and Yodle C. 
(2015) Estimation of the Atmospheric Flux of Nutrients and Trace Metals to the 
Eastern Tropical North Atlantic Ocean*. J. Atmos. Sci. 72, 4029–4045. 
Prater M. D. (2002) Eddies in the Labrador Sea as observed by profiling RAFOS 
floats and remote sensing. J. Phys. Oceanogr. 32, 411–427. 
Prospero J. M. and Carlson T. N. (1980) Saharan Air Outbreaks Over the Tropical 
North Atlantic. Pure Appl. Geophys. 119, 677–691. 
Prospero J. M., Ginoux P., Torres O., Nicholson S. E. and Gill T. E. (2002) 
Environmental characterization of global sources of atmospheric soil dust 
identified with the NIMBUS 7 Total Ozone Mapping Spectrometer (TOMS) 
absorbing aerosol product. Rev. Geophys. 40, 1002. 
Pye K. (1987) Aeolian dust and dust deposits., Academic Press, London. 
Radi T. and de Vernal A. (2008) Last glacial maximum (LGM) primary productivity in 
the northern North Atlantic OceanThis article is one of a series of papers 
published in this Special Issue on the theme Polar Climate Stability Network . 
ed. P. Hollings. Can. J. Earth Sci. 45, 1299–1316. 
Ramalho R. S., Winckler G., Madeira J., Helffrich G. R., Hipólito A., Quartau R., 
Adena K. and Schaefer J. M. (2015) Hazard potential of volcanic flank collapses 
raised by new megatsunami evidence. Sci. Adv. 1, e1500456. 
Ratmeyer V, Balzer W., Bergametti G., Chiapello I., Fischer G. and Wyputta U. 
(1999) Seasonal impact of mineral dust on deep-ocean particle flux in the 
eastern subtropical Atlantic Ocean. Mar. Geol. 159, 241–252. 
Ratmeyer Volker, Fischer G. and Wefer G. (1999) Lithogenic particle fluxes and 
grain size distributions in the deep ocean off northwest Africa: Implications for 
seasonal changes of aeolian dust input and downward transport. Deep. Res. 
Part I Oceanogr. Res. Pap. 46, 1289–1337. 
Ravi S., D’Odorico P., Breshears D. D., Field J. P., Goudie A. S., Huxman T. E., Li 
 
 234 
J., Okin G. S., Swap R. J., Thomas A. D., Van Pelt S., Whicker J. J. and Zobeck 
T. M. (2011) Aeolian processes and the biosphere. Rev. Geophys. 49, RG3001. 
Reimer P. J., Bard E., Bayliss A., Beck J. W., Blackwell P. G., Ramsey C. B., Buck 
C. E., Cheng H., Edwards R. L., Friedrich M., Grootes P. M., Guilderson T. P., 
Haflidason H., Hajdas I., Hatté C., Heaton T. J., Hoffmann D. L., Hogg A. G., 
Hughen K. A., Kaiser K. F., Kromer B., Manning S. W., Niu M., Reimer R. W., 
Richards D. A., Scott E. M., Southon J. R., Staff R. A., Turney C. S. M., van der 
Plicht J., Bronk Ramsey C., Buck C. E., Cheng H., Edwards R. L., Friedrich M., 
Grootes P. M., Guilderson T. P., Haflidason H., Hajdas I., Hatté C., Heaton T. J., 
Hoffmann D. L., Hogg A. G., Hughen K. A., Kaiser K. F., Kromer B., Manning S. 
W., Niu M., Reimer R. W., Richards D. A., Scott E. M., Southon J. R., Staff R. 
A., Turney C. S. M., van der Plicht J., Ramsey C. B., Buck C. E., Cheng H., 
Edwards R. L., Friedrich M., Grootes P. M., Guilderson T. P., Haflidason H., 
Hajdas I., Hatté C., Heaton T. J., Hoffmann D. L., Hogg A. G., Hughen K. A., 
Kaiser K. F., Kromer B., Manning S. W., Niu M., Reimer R. W., Richards D. A., 
Scott E. M., Southon J. R., Staff R. A., Turney C. S. M. and van der Plicht J. 
(2013) IntCal13 and Marine13 Radiocarbon Age Calibration Curves 0–50,000 
Years cal BP. Radiocarbon 55, 1869–1887. 
Ridgwell A. J. (2002) Dust in the Earth system: The biogeochemical linking of land, 
air and sea. Philos. Trans. R. Soc. A Math. Phys. Eng. Sci. 360, 2905–2924. 
Ridgwell A. J. and Watson A. J. (2002) Feedback between aeolian dust, climate, and 
atmospheric CO 2 in glacial time. Paleoceanography 17, 11-1-11–11. 
Ridley D. A., Heald C. L. and Ford B. (2012) North African dust export and 
deposition: A satellite and model perspective. J. Geophys. Res. Atmos. 117. 
Roberts W. H. G., Valdes P. J. and Singarayer J. S. (2017) Can energy fluxes be 
used to interpret glacial/interglacial precipitation changes in the tropics? 
Geophys. Res. Lett. 44, 6373–6382. 
Robinson L. F., Belshaw N. S. and Henderson G. M. (2004) U and Th concentrations 
and isotope ratios in modern carbonates and waters from the Bahamas. 
Geochim. Cosmochim. Acta 68, 1777–1789. 
Robinson L. F., Noble T. and Mcmanus J. (2008) Measurement of adsorbed and 
total 232Th/230Th ratios from marine sediments. Chem. Geol. 252, 169–179. 
Rommerskirchen F., Eglinton G., Dupont L., Güntner U., Wenzel C. and Rullkötter J. 
(2003) A north to south transect of Holocene southeast Atlantic continental 
 
 235 
margin sediments: Relationship between aerosol transport and compound-
specific δ 13 C land plant biomarker and pollen records. Geochemistry, 
Geophys. Geosystems 4. 
Rommerskirchen F., Eglinton G., Dupont L. and Rullkötter J. (2006a) 
Glacial/interglacial changes in southern Africa: Compoundspecific δ13C land 
plant biomarker and pollen records from southeast Atlantic continental margin 
sediments. Geochemistry, Geophys. Geosystems 7, n/a-n/a. 
Rommerskirchen F., Plader A., Eglinton G., Chikaraishi Y., Rullkötter J., Rgen J. and 
Tter R. (2006b) Chemotaxonomic significance of distribution and stable carbon 
isotopic composition of long-chain alkanes and alkan-1-ols in C4 grass waxes. 
Org. Geochem. 37, 1303–1332. 
Rowland G. H., Ng H. C., Robinson L. F., McManus J. F., Mohamed K. J. and 
McGee D. (2017) Investigating the use of 232Th/230Th as a dust proxy using 
co-located seawater and sediment samples from the low-latitude North Atlantic. 
Geochim. Cosmochim. Acta 214, 143–156. 
Roy-Barman M. (2009) Modelling the effect of boundary scavenging on Thorium and 
Protactinium profiles in the ocean. Biogeosciences 6, 3091–3107. 
Roy-Barman M., Lemaître C., Ayrault S., Jeandel C., Souhaut M. and Miquel J.-C. 
(2009) The influence of particle composition on Thorium scavenging in the 
Mediterranean Sea. Earth Planet. Sci. Lett. 286, 526–534. 
Ruddiman W. F. (1997) Tropical Atlantic terrigenous fluxes since 25,000 yrs B.P. 
Mar. Geol. 136, 189–207. 
Rudnick R. L. and Gao S. (2003) Composition of the Continental Crust. Treatise on 
Geochemistry 3, 1–64. 
Rühlemann C., Diekmann B., Mulitza S. and Frank M. (2001) Late Quaternary 
changes of western equatorial Atlantic surface circulation and Amazon lowland 
climate recorded in Ceará Rise deep-sea sediments. Paleoceanography 16, 
293–305. 
Rysgaard S., Boone W., Carlson D., Sejr M. K., Bendtsen J., Juul-Pedersen T., Lund 
H., Meire L. and Mortensen J. (2020) An Updated View on Water Masses on the 
pan-West Greenland Continental Shelf and Their Link to Proglacial Fjords. J. 
Geophys. Res. Ocean. 125. 
Saenko O. A., Dupont F., Yang D., Myers P. G., Yashayaev I. and Smith G. C. 
(2014) Role of Resolved and Parameterized Eddies in the Labrador Sea 
 
 236 
Balance of Heat and Buoyancy. J. Phys. Oceanogr. 44, 3008–3032. 
Sage R. F. (2001) Environmental and evolutionary preconditions for the origin and 
diversification of the C-4 photosynthetic syndrome. Plant Biol. 3, 202–213. 
Sage R. F. (2004) The evolution of C 4 photosynthesis. New Phytol. 161, 341–370. 
Santschi P. H., Murray J. W., Baskaran M., Benitez-Nelson C. R., Guo L. D., Hung 
C.-C., Lamborg C., Moran S. B., Passow U. and Roy-Barman M. (2006) 
Thorium speciation in seawater. Mar. Chem. 100, 250–268. 
Sarnthein M., Tetzlaff G., Koopmann B., Wolter K. and Pflaumann U. (1981) Glacial 
and interglacial wind regimes over the eastern subtropical Atlantic and North-
West Africa. Nature 293, 193–196. 
Sarthou G., Lherminier P., Achterberg E. P., Alonso-Pérez F., Bucciarelli E., Boutorh 
J., Bouvier V., Boyle E. A., Branellec P., Carracedo L. I., Casacuberta N., 
Castrillejo M., Cheize M., Contreira Pereira L., Cossa D., Daniault N., De Saint-
Léger E., Dehairs F., Deng F., Desprez de Gésincourt F., Devesa J., Foliot L., 
Fonseca-Batista D., Gallinari M., García-Ibáñez M. I., Gourain A., Grossteffan 
E., Hamon M., Heimbürger L. E., Henderson G. M., Jeandel C., Kermabon C., 
Lacan F., Le Bot P., Le Goff M., Le Roy E., Lefèbvre A., Leizour S., Lemaitre N., 
Masqué P., Ménage O., Menzel Barraqueta J.-L., Mercier H., Perault F., Pérez 
F. F., Planquette H. F., Planchon F., Roukaerts A., Sanial V., Sauzède R., 
Schmechtig C., Shelley R. U., Stewart G., Sutton J. N., Tang Y., Tisnérat-
Laborde N., Tonnard M., Tréguer P., van Beek P., Zurbrick C. M. and Zunino P. 
(2018) Introduction to the French GEOTRACES North Atlantic Transect (GA01): 
GEOVIDE cruise. Biogeosciences 15, 7097–7109. 
Scheff J., Seager R., Liu H. and Coats S. (2017) Are Glacials Dry? Consequences 
for Paleoclimatology and for Greenhouse Warming. J. Clim. 30, 6593–6609. 
Schefuß E., Ratmeyer V., Stuut J.-B. W., Jansen J. H. F. and Sinninghe Damsté J. 
S. (2003) Carbon isotope analyses of n-alkanes in dust from the lower 
atmosphere over the central eastern Atlantic. Geochim. Cosmochim. Acta 67, 
1757–1767. 
Schepanski K., Tegen I. and Macke A. (2009a) Saharan dust transport and 
deposition towards the tropical northern Atlantic. Atmos. Chem. Phys 9, 1173–
1189. 
Schepanski K., Tegen I., Todd M. C., Heinold B., Bönisch G., Laurent B. and Macke 
A. (2009b) Meteorological processes forcing Saharan dust emission inferred 
 
 237 
from MSG-SEVIRI observations of subdaily dust source activation and 
numerical models. J. Geophys. Res. 114, D10201. 
Scheuvens D., Schütz L., Kandler K., Ebert M. and Weinbruch S. (2013) Bulk 
composition of northern African dust and its source sediments — A compilation. 
Earth-Science Rev. 116, 170–194. 
Schlitzer R. (2018) Ocean Data View, https://odv.awi.de. 
Schlosser C., Klar J. K., Wake B. D., Snow J. T., Honey D. J., Woodward E. M. S., 
Lohan M. C., Achterberg E. P. and Moore C. M. (2014) Seasonal ITCZ migration 
dynamically controls the location of the (sub)tropical Atlantic biogeochemical 
divide. Proc. Natl. Acad. Sci. U. S. A. 111, 1438–42. 
Schneider T., Bischoff T. and Haug G. H. (2014) Migrations and dynamics of the 
intertropical convergence zone. Nature 513, 45–53. 
Schreuder L. T., Stuut J.-B. W., Korte L. F., Sinninghe Damsté J. S. and Schouten S. 
(2018) Aeolian transport and deposition of plant wax n-alkanes across the 
tropical North Atlantic Ocean. Org. Geochem. 115, 113–123. 
Schubert B. A. and Jahren A. H. (2012) The effect of atmospheric CO2 concentration 
on carbon isotope fractionation in C3 land plants. Geochim. Cosmochim. Acta 
96, 29–43. 
Schütz L. (1980) Long Range Transport of Desert Dust With Special Emphasis on 
the Sahara. Ann. N. Y. Acad. Sci. 338, 515–532. 
Serno S., Winckler G., Anderson R. F., Hayes C. T., McGee D., Machalett B., Ren 
H., Straub S. M., Gersonde R. and Haug G. H. (2014) Eolian dust input to the 
Subarctic North Pacific. Earth Planet. Sci. Lett. 387, 252–263. 
Shoenfelt E. M., Winckler G., Annett A. L., Hendry K. R. and Bostick B. C. (2019) 
Physical Weathering Intensity Controls Bioavailable Primary Iron(II) Silicate 
Content in Major Global Dust Sources. Geophys. Res. Lett. 46, 10854–10864. 
Simoneit B. R. T. (1997) Compound-specific carbon isotope analyses of individual 
long-chain alkanes and alkanoic acids in Harmattan aerosols. Atmos. Environ. 
31, 2225–2233. 
Simoneit B. R. T., Cox R. E. and Standley L. J. (1988) Organic matter of the 
troposphere—IV. Lipids in harmattan aerosols of nigeria. Atmos. Environ. 22, 
983–1004. 
Singarayer J. S., Valdes P. J. and Roberts W. H. G. (2017) Ocean dominated 




Skonieczny C., McGee D., Winckler G., Bory A., Bradtmiller L. I., Kinsley C. W., 
Polissar P. J., De Pol-Holz R., Rossignol L. and Malaizé B. (2019) Monsoon-
driven Saharan dust variability over the past 240,000 years. Sci. Adv. 5, 
eaav1887. 
Skonieczny C., Paillou P., Bory A., Bayon G., Biscara L., Crosta X., Eynaud F., 
Malaizé B., Revel M., Aleman N., Barusseau J.-P., Vernet R., Lopez S. and 
Grousset F. (2015) African humid periods triggered the reactivation of a large 
river system in Western Sahara. Nat. Commun. 6, 8751. 
Smittenberg R. H., Hopmans E. C., Schouten S., Hayes J. M., Eglinton T. I. and 
Sinninghe Damsté J. S. (2004) Compound-specific radiocarbon dating of the 
varved Holocene sedimentary record of Saanich Inlet, Canada. 
Paleoceanography 19. 
Still C. J., J.A. B., Collatz G. J. and R.S. D. (2009) ISLSCP II C4 Vegetation 
Percentage. In ISLSCP Initiative II Collection. (eds. Hall, Forrest, Collatz, 
Meeson, Colstoun, De, L. Brown, and Landis). Oak Ridge National Laboratory 
Distributed Active Archive Center, Oak Ridge, Tennessee, USA. 
Still C. J. and Powell R. J. (2010) Continental-Scale Distributions of Vegetation 
Stable Carbon Isotope Ratios. In J. B. West, G. J. Bowen, T. E. Dawson, and K. 
P. Tu (Eds): Isoscapes: understanding movement, pattern and process on Earth 
through isotope mapping pp. 179–193. 
Stramma L., Hüttl S. and Schafstall J. (2005) Water masses and currents in the 
upper tropical northeast Atlantic off northwest Africa. J. Geophys. Res. 110, 
C12006. 
Straub M., Sigman D. M., Ren H., Martínez-García A., Meckler A. N., Hain M. P. and 
Haug G. H. (2013) Changes in North Atlantic nitrogen fixation controlled by 
ocean circulation. Nature 501, 200–203. 
Stríkis N. M., Cruz F. W., Barreto E. A. S., Naughton F., Vuille M., Cheng H., Voelker 
A. H. L., Zhang H., Karmann I., Edwards R. L., Auler A. S., Santos R. V. and 
Sales H. R. (2018) South American monsoon response to iceberg discharge in 
the North Atlantic. Proc. Natl. Acad. Sci. U. S. A. 115, 3788–3793. 
Strong J. D. O., Vecchi G. A., Ginoux P., Strong J. D. O., Vecchi G. A. and Ginoux P. 
(2015) The Response of the Tropical Atlantic and West African Climate to 
Saharan Dust in a Fully Coupled GCM. J. Clim. 28, 7071–7092. 
 
 239 
Subramaniam A., Yager P. L., Carpenter E. J., Mahaffey C., Björkman K., Cooley S., 
Kustka A. B., Montoya J. P., Sañudo-Wilhelmy S. A., Shipe R. and Capone D. 
G. (2008) Amazon River enhances diazotrophy and carbon sequestration in the 
tropical North Atlantic Ocean. Proc. Natl. Acad. Sci. 105, 10460–10465. 
Tagliabue A. and Arrigo K. R. (2005) Iron in the Ross Sea: 1. Impact on CO 2 fluxes 
via variation in phytoplankton functional group and non-Redfield stoichiometry. 
J. Geophys. Res. Ocean. 110. 
Taylor S. R. and McLennan S. . (1985) The Continental Crust: Its Composition and 
Evolution., Blackwell Scientific Publications. 
Taylor S. R. and McLennan S. M. (1995) The geochemical evolution of the 
continental crust. Rev. Geophys. 33, 241. 
Thöle L. M., Amsler H. E., Moretti S., Auderset A., Gilgannon J., Lippold J., Vogel H., 
Crosta X., Mazaud A., Michel E., Martínez-García A. and Jaccard S. L. (2019) 
Glacial-interglacial dust and export production records from the Southern Indian 
Ocean. Earth Planet. Sci. Lett. 525, 115716. 
Tierney J. E., Pausata F. S. R. and DeMenocal P. B. (2017) Rainfall regimes of the 
Green Sahara. Sci. Adv. 3, e1601503. 
Tjallingii R., Claussen M., Stuut J.-B. W., Fohlmeister J., Jahn A., Bickert T., Lamy F. 
and Röhl U. (2008) Coherent high- and low-latitude control of the northwest 
African hydrological balance. Nat. Geosci. 1, 670–675. 
Tonnard M., Planquette H., Bowie A. R., Van Der Merwe P., Gallinari M., Desprez 
De Gésincourt F., Germain Y., Gourain A., Benetti M., Reverdin G., Tréguer P., 
Boutorh J., Cheize M., Lacan F., Menzel Barraqueta J.-L., Pereira-Contreira L., 
Shelley R., Lherminier P. and Sarthou G. (2020) Dissolved iron in the North 
Atlantic Ocean and Labrador Sea along the GEOVIDE section (GEOTRACES 
section GA01). Biogeosciences 17, 917–943. 
Treibs A. (1936) Chlorophyll- und Häminderivate in organischen Mineralstoffen. 
Angew. Chemie 49, 682–686. 
Tulloch  a. P. (1981) Composition of epicuticular waxes from 28 genera of 
Gramineae: differences between subfamilies. Can. J. Bot. 59, 1213–1221. 
Vallières S. (1997) Flux d’uranium et excès de 230Th dans les sédiments de la mer 
du labrador - relation avec les conditions paléocéanographiques et la 
paléoproductivité du bassin. L’Université du Québec à Chicoutimi. 
Venchiarutti C., van der Loeff M. R. and Stimac I. (2011) Scavenging of 231Pa and 
 
 240 
thorium isotopes based on dissolved and size-fractionated particulate 
distributions at Drake Passage (ANTXXIV-3). Deep Sea Res. Part II Top. Stud. 
Oceanogr. 58, 2767–2784. 
Vieira L. H., Krisch S., Hopwood M. J., Beck A. J., Scholten J., Liebetrau V. and 
Achterberg E. P. (2020) Unprecedented Fe delivery from the Congo River 
margin to the South Atlantic Gyre. Nat. Commun. 11, 556. 
Vital H., Stattegger K., Garbe-Scho¨nberg C.-D. and Scho¨nberg S. (1999) 
Composition and trace-element geochemistry of detrital clay and heavy-mineral 
suites of the lowermost amazon river: A provenance study. J. Sediment. Res. 
69, 563–575. 
Vogts A., Moossen H., Rommerskirchen F. and Rullkötter J. (2009) Distribution 
patterns and stable carbon isotopic composition of alkanes and alkan-1-ols from 
plant waxes of African rain forest and savanna C3 species. Org. Geochem. 40, 
1037–1054. 
Vogts A., Schefuß E., Badewien T. and Rullkötter J. (2012) n-Alkane parameters 
from a deep sea sediment transect off southwest Africa reflect continental 
vegetation and climate conditions. Org. Geochem. 47, 109–119. 
Voigt I., Cruz A. P. S., Mulitza S., Chiessi C. M., Mackensen A., Lippold J., Antz B., 
Zabel M., Zhang Y., Barbosa C. F. and Tisserand A. A. (2017) Variability in mid-
depth ventilation of the western Atlantic Ocean during the last deglaciation. 
Paleoceanography 32, 948–965. 
Vonk J. E., Drenzek N. J., Hughen K. A., Stanley R. H. R., McIntyre C., Montluçon D. 
B., Giosan L., Southon J. R., Santos G. M., Druffel E. R. M., Andersson A. A., 
Sköld M. and Eglinton T. I. (2019) Temporal deconvolution of vascular plant-
derived fatty acids exported from terrestrial watersheds. Geochim. Cosmochim. 
Acta 244, 502–521. 
Wadham J. L., Hawkings J. R., Tarasov L., Gregoire L. J., Spencer R. G. M., Gutjahr 
M., Ridgwell A. and Kohfeld K. E. (2019) Ice sheets matter for the global carbon 
cycle. Nat. Commun. 10, 3567. 
Waelbroeck C., Pichat S., Böhm E., Lougheed B. C., Faranda D., Vrac M., Missiaen 
L., Riveiros N. V., Burckel P., Lippold J., Arz H. W., Dokken T., Thil F. and 
Dapoigny A. (2018) Relative timing of precipitation and ocean circulation 




Wang C., Dong S., Evan A. T., Foltz G. R. and Lee S.-K. (2012) Multidecadal 
Covariability of North Atlantic Sea Surface Temperature, African Dust, Sahel 
Rainfall, and Atlantic Hurricanes. J. Clim. 25, 5404–5415. 
Wang G., Zhang L., Zhang X., Wang Y. and Xu Y. (2014) Chemical and carbon 
isotopic dynamics of grass organic matter during litter decompositions: A 
litterbag experiment. Org. Geochem. 69, 106–113. 
Wang J., Axia E., Xu Y., Wang G., Zhou L., Jia Y., Chen Z. and Li J. (2018a) 
Temperature effect on abundance and distribution of leaf wax n-alkanes across 
a temperature gradient along the 400 mm isohyet in China. Org. Geochem. 120, 
31–41. 
Wang J., Xu Y., Zhou L., Shi M., Axia E., Jia Y., Chen Z., Li J. and Wang G. (2018b) 
Disentangling temperature effects on leaf wax n-alkane traits and carbon 
isotopic composition from phylogeny and precipitation. Org. Geochem. 126, 13–
22. 
Ward B. A., Dutkiewicz S., Moore C. M. and Follows M. J. (2013) Iron, phosphorus, 
and nitrogen supply ratios define the biogeography of nitrogen fixation. Limnol. 
Oceanogr. 58, 2059–2075. 
Washington R. and Todd M. C. (2005) Atmospheric controls on mineral dust 
emission from the Bodélé Depression, Chad: The role of the low level jet. 
Geophys. Res. Lett. 32. 
Washington R., Todd M. C., Lizcano G., Tegen I., Flamant C., Koren I., Ginoux P., 
Engelstaeder S., Bristow C. S., Zender C. S., Goudie A. S., Warren A. and 
Prospero J. M. (2006) Links between topography, wind, deflation, lakes and 
dust: The case of the Bodélé Depression, Chad. Geophys. Res. Lett. 33, 
L09401. 
Watson A. J., Bakker D. C. E., Ridgwell A. J., Boyd P. W. and Law C. S. (2000) 
Effect of iron supply on Southern Ocean CO2 uptake and implications for glacial 
atmospheric CO2. Nature 407, 730–733. 
White F. U. (1983) The Vegetation of Africa., UNESCO. 
Williams R. H., McGee D., Kinsley C. W., Ridley D. A., Hu S., Fedorov A., Tal I., 
Murray R. W. and DeMenocal P. B. (2016) Glacial to Holocene changes in 
trans-Atlantic Saharan dust transport and dust-climate feedbacks. Sci. Adv. 2, 
e1600445. 
Winckler G., Anderson R. F., Fleisher M. Q., McGee D. and Mahowald N. (2008) 
 
 242 
Covariant Glacial-Interglacial Dust Fluxes in the Equatorial Pacific and 
Antarctica. Science (80-. ). 320, 93–96. 
Wu M. C., Reale O., Schubert S. D., Suarez M. J., Koster R. D. and Pegion P. J. 
(2009) African Easterly Jet: Structure and Maintenance. J. Clim. 22, 4459–4480. 
Wu M. S., West A. J. and Feakins S. J. (2019) Tropical soil profiles reveal the fate of 
plant wax biomarkers during soil storage. Org. Geochem. 128, 1–15. 
Wynn R. B., Weaver P. P. E., Masson D. G. and Stow D. A. V. (2002) Turbidite 
depositional architecture across three interconnected deep-water basins on the 
north-west African margin. Sedimentology 49, 669–695. 
Yu E. F., Francois R., Bacon M. P. and Fleer A. P. (2001) Fluxes of 230Th and 
231Pa to the deep sea: Implications for the interpretation of excess 230Th and 
231Pa/230Th profiles in sediments. Earth Planet. Sci. Lett. 191, 219–230. 
Yu H., Chin M., Bian H., Yuan T., Prospero J. M., Omar A. H., Remer L. A., Winker 
D. M., Yang Y., Zhang Y. and Zhang Z. (2015) Quantification of trans-Atlantic 
dust transport from seven-year (2007–2013) record of CALIPSO lidar 
measurements. Remote Sens. Environ. 159, 232–249. 
Yu H., Tan Q., Chin M., Remer L. A., Kahn R. A., Bian H., Kim D., Zhang Z., Yuan 
T., Omar A. H., Winker D. M., Levy R. C., Kalashnikova O., Crepeau L., Capelle 
V. and Chédin A. (2019) Estimates of African Dust Deposition Along the Trans-
Atlantic Transit Using the Decadelong Record of Aerosol Measurements from 
CALIOP, MODIS, MISR, and IASI. J. Geophys. Res. Atmos., 2019JD030574. 
Zabel M., Bickert T., Dittert L. and Haese R. R. (1999) Significance of the 
sedimentary Al∶Ti ratio as an indicator for variations in the circulation patterns of 
the equatorial North Atlantic. Paleoceanography 14, 789–799. 
Zech M., Pedentchouk N., Buggle B., Leiber K., Kalbitz K., Marković S. B. and 
Glaser B. (2011) Effect of leaf litter degradation and seasonality on D/H isotope 
ratios of n-alkane biomarkers. Geochim. Cosmochim. Acta 75, 4917–4928. 
Zhang D., McPhaden M. J. and Johns W. E. (2003) Observational Evidence for Flow 
between the Subtropical and Tropical Atlantic: The Atlantic Subtropical Cells. J. 
Phys. Oceanogr. 33, 1783–1797. 
Zhang Y., Chiessi C. M., Mulitza S., Zabel M., Trindade R. I. F., Hollanda M. H. B. 
M., Dantas E. L., Govin A., Tiedemann R. and Wefer G. (2015) Origin of 
increased terrigenous supply to the NE South American continental margin 




Zhao M., Dupont L., Eglinton G. and Teece M. (2003) n-Alkane and pollen 
reconstruction of terrestrial climate and vegetation for N.W. Africa over the last 
160 kyr. Org. Geochem. 34, 131–143. 
Zhao M., Eglinton G., Haslett S. K., Jordan R. W., Sarnthein M. and Zhang Z. (2000) 
Marine and terrestrial biomarker records for the last 35,000 years at ODP site 
658C off NW Africa. Org. Geochem. 31, 919–930. 
Zhou Y., Grice K., Stuart-Williams H., Farquhar G. D., Hocart C. H., Lu H. and Liu W. 
(2010) Biosynthetic origin of the saw-toothed profile in δ13C and δ2Η of n-
alkanes and systematic isotopic differences between n-, iso- and anteiso-



























This section contains data tables and is divided into three appendices corresponding 
































7.1 Appendix: Chapter 2 
Table A2.1. Summary of core locations and 230Th normalisation parameters compiled from previous studies. Uncertainty estimates indicate the uncertainties 
of U and Th measurements presented by original studies. Dated horizons and the method of chronology indicated for each core. 
core Reference latitude longitude Water depth 232Th flux group 230Thxs 0 U/Th value 
Uncertainty 
estimate 





2sigma  2SE 
or ±  
ODP 658C Adkins et al.  2006 20.75 -18.58 2263 Margin Original 0.7 2sigma 
RC24-01 Bradtmiller et al.  2007 0.55 -13.65 3837 Mid-ocean: low Original n/a
a ± 
RC24-07 Bradtmiller et al.  2007 -1.33 -11.92 3899 Mid-ocean: low Original n/a
a ± 
RC24-12 Bradtmiller et al.  2007 -3.01 -11.42 3486 Mid-ocean: low Original n/a
a ± 
RC16-66 Bradtmiller et al.  2007 0.75 -36.62 4424 Mid-ocean: low Original n/a
a ± 




V30-40 Bradtmiller et al.  2007 -0.20 -23.15 3706 Mid-ocean: low Original n/a
a ± 
V22-182 Bradtmiller et al.  2007 -0.53 -17.27 3614 Mid-ocean: low Original n/a
a ± 
 V25-21  Bradtmiller et al.  2014 26.40 -45.45 3693 Mid-ocean: low calculated 0.5 ± 
KNR110  
82GGC Francois et al.  1990 4.34 -43.49 2816 Mid-ocean: high Original n/a
b n/ac 
KNR110  
58GGC Francois et al.  1990 4.79 -43.34 4341 Mid-ocean: high Original n/a
b n/ac 
KNR110  
55GGC Francois et al.  1990 4.95 -42.89 4556 Mid-ocean: high Original n/a
b n/ac 




EN066  21GGC Francois et al.  1990 4.23 -20.63 3995 Mid-ocean: moderate Original n/a
b n/ac 
EN066 29GGC Francois et al.  1990 2.44 -19.76 5104 Mid-ocean: moderate Original n/a
b n/ac 
GeoB1515-1 Lippold et al.  2011 2012 2016 4.24 -43.67 3129 Mid-ocean: high calculated 0.47 ± 
GeoB9508‐5 Lippold et al.  2012 15.50 -17.95 2384 Margin calculated 0.7 2sigma 
GeoB1523-1 Lippold et al.  2016 3.83 -41.62 3292 Mid-ocean: high calculated 0.47 ± 
OCE437-7-
GC68 McGee et al.  2013 19.36 -17.28 1396 Margin Original 0.7 ± 
OC437-07-
GC27 McGee et al.  2013 30.88 -10.63 1258 Margin Original 0.7 ± 
OC437-07-
GC37 McGee et al.  2013 26.82 -15.12 2771 Margin Original 0.7 ± 
OC437-07-
GC49 McGee et al.  2013 23.21 -17.85 2303 Margin Original 0.7 ± 
OC437-07-
GC66 McGee et al.  2013 19.94 -17.86 1454 Margin Original 0.7 ± 
KN207-2-GGC3 Middleton et al.  2016  2017 26.14 -44.80 3433 Mid-ocean: low 
Original   He-3ET 
derived n/a 2sigma 
KN207-2-GGC6 Middleton et al.  2017 29.21 -43.23 3018 Mid-ocean: low 
Original   He-3ET 
derived n/a 2sigma 
GeoB16202-2 Mulitza et al.  2017 -1.91 -41.59 2248 Margin calculated 0.4 2 Sigma 
S0065-GVY001 Ng et al.  2018 7.44 -21.80 3426 Mid-ocean: moderate Original 0.6 2SE 
S0172-GVY014 Ng et al.  2018 15.46 -50.99 2714 Mid-ocean: low Original 0.6 2SE 
EW9209-1JPC Ng et al.  2018 5.91 -44.20 4056 Mid-ocean: high Original 0.6 2SE 
EW9209-3JPC Ng et al.  2018 5.31 -44.26 3288 Mid-ocean: high Original 0.6 2SE 
MD03-2705 Skonieczny et al.  2019 18.08 -21.15 3085 Margin Original 0.5 2sigma 
GeoB16206-1 Voigt et al.  2017 -1.58 -43.02 1367 Margin calculated 0.4 2SE 
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MD09-3257 Waelbroeck et al.  2018 -4.25 -36.35 2344 Margin Original 0.5 2sigma 
VM20-234 Williams et al.  2016 5.33 -33.03 3133 Mid-ocean: moderate Original 0.6 2sigma 
OCE205-2 
103GGC Williams et al.  2016 26.07 -78.06 965 Mid-ocean: low Original 0.6 2sigma 
OCE205-2 
100GGC Williams et al.  2016 26.06 -78.03 1057 Mid-ocean: low Original 0.6 2sigma 
 
 
Table A2.1. (cont.)  
 
core Chronology type Dated Horizon ka (RED text =18O)              
  14C-Calib  14C-uncalib  18O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 



























RC24-01 18O  specmap 1.5 7.3 14.9 43.9               
RC24-07 18O  specmap 1.5 7.9 15.2 17.8 21.4              
RC24-12 18O  specmap 1.5 6.2 14.0 17.8 19.2 23.1             
RC16-66 18O  specmap 4.7 12.0 17.8 25.4               
RC13-189 14C bulk carbonate uncalib 1.5 8.5 11.2 12.6 16.1              
V30-40 14C bulk carbonate uncalib 2.0 7.7 10.0 12.4               
V22-182 14C bulk carbonate uncalib 9.7 12.7 15.0 21.0               











           
KNR110  82GGC 14C uncalibd 11.8 13.6 14.9 15.6 16.5 17.2             
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KNR110  58GGC 18O 12.1 14.9 24.0                
KNR110  55GGC 18O 12.1 14.9 24.0                
EN066 38GGC 18O 12.1 14.9 24.0                
EN066  21GGC   18Oe 12.1 14.9 24.0                
EN066 29GGC 18O 12.1 14.9 24.0                















         










26.0  31.7 
       









            





















      
OC437-07-GC27 14C Calib. 0.5 1.2 6.3 11.3 13.4 17.4 19.9            
OC437-07-GC37 14C Calib. 1.3 4.0 5.1 6.6 10.5 11.4 16.7            
OC437-07-GC49 14C Calib. 0.8 4.6 6.6 8.4 10.8 13.5 13.2 14.8 17.8 23.8         
OC437-07-GC66 14C Calib. 1.0 3.0 3.8 6.6 7.4 9.0 10.6 11.9           









             







             























     
S0065-GVY001 14C-Calib 4.4 7.9 12.5 17.0 19.1 33.2             
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OCE205-2 



























    
 
aNot stated, but variable according to data file from original study 
bAuthigenic U assumed = 0 ; 230Thxs = 230Th tot - 234U tot 
cAverage counting statistics (2sigma) = 230Th= 8%; 232Th = 8%; 234U = 16% (measured), and 25% (estimated) 
dCalibration of these dates with Oxcal v4.3, Marine13 curve gives median ages  13.839, 16.616, 17.879, 18.979, 19.676, 20.998 ka; suggests cores from this 
study are ~ 3 ka too old using age models of Francois et al . (1990) 
eThere exists an additional 14C date at 3.8 ka, not used in age model (Broecker et al., 1988). 
fAge model updated by Ng et al. (2018) 













Table A2.2. Late-Holocene and LGM 232Th flux averages for aeolian dominated sites in the tropical Atlantic. Flux data from McGee et al. (2013) are dust 
fluxes (g m-2 yr-1) estimated by the original study, not 232Th fluxes. The average model age of the time slice is shown for each core.  Standard deviations of 0 
indicate only one data point available in the averaging time window. 
Original study  Longitude Latitude Ave LHol Age 2σ 
Ave. LHol. 




232Th flux 2σ 
LGM/LH 
232Th flux 2σ 
  DD E DD N ka  µg m-2 yr-1  ka  µg m-2 yr-1    
Bradtmiller et al., 
2007 RC24-12 -11.42 -3.01 2.9 3.3 11.6 1.2 21.8 5.0 18.9 2.9 1.6 0.3 
Bradtmiller et al., 
2007 RC24-07 -11.92 -1.33 3.2 3.6 15.1 3.8 23.3 6.6 30.8 9.7 2.0 0.8 
Bradtmiller et al., 
2007 V22-182 -17.27 -0.53 2.3 4.2 14.8 0.1 22.7 4.3 35.0 8.9 2.4 0.6 
Middleton et al., 
2017* 
KN207-2-
GGC6 -43.23 29.21 2.4 3.0 8.4 3.8 22.9 4.4 9.6 3.5 1.2 0.7 
Francois et al., 1990 EN066 38GGC -20.50 4.92 3.2 2.0 36.3 6.6 21.6 3.8 92.7 25.4 2.6 0.8 
Williams et al., 2016 VM20-234 -33.03 5.33 2.9 2.7 35.5 9.1 20.1 1.2 82.5 5.1 2.3 0.6 
Francois et al., 1990 EN066  21GGC -20.63 4.23 3.2 2.1 41.5 4.6 21.0 2.5 100.4 28.6 2.4 0.7 
Francois et al., 1990 EN066 29GGC -19.76 2.44 2.8 2.3 41.7 2.3 21.9 3.7 78.2 19.6 1.9 0.5 
Ng et al., 2018 S0065-GVY001 -21.80 7.44 4.4 0.0 39.3 0.0 22.0 5.6 83.2 17.9 2.1 0.5 
Bradtmiller et al., 
2007 RC13-189 -30.00 1.87 2.8 0.0 28.9 0.0 23.0 4.6 95.8 37.2 3.3 1.3 
Bradtmiller et al., 
2007 RC24-01 -13.65 0.55 4.4 0.0 19.2 0.0 22.7 5.2 43.0 15.1 2.2 0.8 
Bradtmiller et al., 
2007 V30-40 -23.15 -0.20 1.5 0.0 20.1 0.0 22.8 4.3 48.3 6.1 2.4 0.3 
Ng et al., 2018 S0172-GVY014 -50.99 15.46 4.4 0.0 22.9 0.0 22.3 3.0 33.6 5.4 1.5 0.2 
Williams et al., 2016 OCE205-2 103GGC -78.06 26.07 3.2 2.7 9.2 2.4 21.0 2.3 17.1 0.8 1.9 0.5 
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 * He-3 normalised 























Middleton et al., 
2016, 2017* 
KN207-2-
GGC3 -44.80 26.14 3.6 2.7 6.0 1.7 21.6 5.0 7.1 3.7 1.2 0.7 
Skonieczny et al., 
2019 MD03-2705 -21.15 18.08 2.5 2.6 68.5 34.3 22.9 4.9 101.9 18.8 1.5 0.8 
McGee et al 2013** OCE437-7-GC68 -17.28 19.36 3.3 2.5 15.4 7.9 19.7 1.1 26.3 7.8 1.7 1.0 
McGee et al 2013** OC437-07-GC27 -10.63 30.88 2.4 3.8 5.9 1.8 19.5 1.5 4.3 0.9 0.7 0.3 
McGee et al 2013** OC437-07-GC49 -17.85 23.21 2.4 2.3 4.3 2.5 20.8 2.0 5.5 0.3 1.3 0.8 
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7.2 Appendix: Chapter 3 
Table A3.1. N-alkane concentrations (µg/g). Error estimates are  ±50% based  on the repeatability of duplicate extractions (denoted ii). 
                 
Sample Model age  +/- C23 +/- C25 +/- C27 +/- C29 +/- C31 +/- C33 +/- C35 +/- 
S0065-1-4 3.7 0.4 0.02 0.01 0.07 0.03 0.21 0.10 0.46 0.23 0.53 0.26 0.27 0.13 0.07 0.00 
S0054 14.5-17.5 7.5 0.4 0.00 0.00 0.02 0.01 0.08 0.04 0.14 0.07 0.15 0.08 0.06 0.03 0.00 0.00 
S0065 30.5-33.5 16.2 0.8 0.02 0.01 0.08 0.04 0.24 0.12 0.40 0.20 0.40 0.20 0.17 0.09 0.00 0.00 
S0065 42.5-47.5 20.9 1.1 0.00 0.00 0.10 0.05 0.32 0.16 0.54 0.27 0.54 0.27 0.24 0.12 0.00 0.00 
S0100 0-3 3.9 0.4 0.01 0.01 0.04 0.02 0.13 0.06 0.26 0.13 0.28 0.14 0.12 0.06 0.00 0.00 
S0100 24-27 8.0 0.8 0.01 0.00 0.02 0.01 0.07 0.03 0.13 0.07 0.15 0.08 0.06 0.03 0.00 0.00 
S0100 44-47 16.5 0.6 0.00 0.00 0.00 0.00 0.16 0.08 0.28 0.14 0.33 0.16 0.14 0.07 0.00 0.00 
S010055-58 20.7 3.2 0.02 0.01 0.07 0.03 0.18 0.09 0.31 0.15 0.38 0.19 0.17 0.09 0.00 0.00 
S0172 0.5-3.5 3.6 0.4 0.008 0.004 0.011 0.006 0.021 0.010 0.036 0.018 0.050 0.025 0.018 0.009 0.001 0.001 
S0172 11.5-14.5 7.7 0.8 0.002 0.001 0.004 0.002 0.004 0.002 0.022 0.011 0.028 0.014 0.008 0.004   
S0172 23.5-26.5 13.2 0.2 0.001 0.001 0.004 0.002 0.009 0.004 0.017 0.008 0.024 0.012 0.006 0.003   
S0172 28.5-31.5 23.1 2.9 0.003 0.001 0.006 0.003 0.014 0.007 0.024 0.012 0.030 0.015 0.009 0.004   
S0065 14.5-17.5ii 7.5 0.4   0.018 0.009 0.058 0.029 0.099 0.050 0.102 0.051 0.031 0.016   
S0100 24-27ii 8.0 0.8 0.005 0.002 0.014 0.007 0.044 0.022 0.090 0.045 0.097 0.049 0.036 0.018   
S0100 55-58ii 20.7 3.2 0.013 0.006 0.038 0.019 0.112 0.056 0.181 0.091 0.201 0.101 0.075 0.037     
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Table A3.2. δ13C of n-alkanes. Error estimates are the larger of either the cholestane internal standard repeatability (Table A3.5), or standard deviation of 
duplicated injections.   
 
Sample Model age  +/- C23 +/- C25 +/- C27 +/- C29 +/- C31 +/- C33 +/- 
S0065-1-4 3.7 0.4 
  
-25.6 0.66 -25.5 0.70 -28.0 0.77 -26.7 0.66 -25.7 0.66 
S0054 14.5-17.5 7.5 0.4 
  
-23.2 0.67 -24.0 0.66 -26.4 0.66 -25.6 0.66 -23.0 0.66 
S0065 30.5-33.5 16.2 0.8 
  
-23.4 0.66 -23.2 0.66 -26.4 0.66 -23.7 0.66 -22.2 0.72 
S0065 42.5-47.5 20.9 1.1 
  
-22.3 0.66 -22.6 0.66 -25.8 0.66 -23.2 0.66 -21.9 0.66 
S0100 0-3 3.9 0.4 
  
-24.6 0.66 -24.8 0.66 -27.1 0.66 -25.6 0.66 -23.8 0.66 
S0100 24-27 8.0 0.8 
  
-24.6 0.93 -24.8 0.66 -27.2 0.66 -25.3 0.66 -23.4 0.66 
S0100 44-47 16.5 0.6 
    
-23.1 0.66 -26.1 0.66 -23.9 0.66 -22.9 0.66 
S010055-58 20.7 3.2 
  
-22.9 0.66 -23.0 0.66 -25.8 0.66 -23.5 0.66 -22.6 0.66 
S0172 0.5-3.5 3.6 0.4 
  
-25.9 0.66 -25.7 0.66 -27.6 0.66 -26.8 0.76 -26.3 1.41 
S0172 11.5-14.5 7.7 0.8 
    
-25.8 0.66 -28.2 2.48 -27.2 1.55 
  
S0172 23.5-26.5 13.2 0.2 
    
-25.3 0.66 -27.4 1.19 -26.4 3.38 
  
S0172 28.5-31.5 23.1 2.9 
    
-24.5 0.66 -27.4 2.41 -25.1 0.66 
  
S0065 14.5-17.5ii 
    
-24.1 0.66 -24.1 0.66 -26.9 0.66 -25.0 0.66 -23.7 0.66 
S0100 24-27ii 
    
-25.2 0.66 -25.1 0.66 -27.7 0.66 -25.7 0.68 -24.2 0.66 
S0100 55-58ii     -25.5 0.66 -23.4 0.66 -23.4 0.66 -26.5 0.66 -24.2 0.66 -23.0 1.16 
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Table A3.3.  Carbon preference index (CPI) and average chain length (ACL) for the samples in this study. 
 
Latitude/ Longitude Sample CPI23-33 ACL25-33  Notes 
7.4oN S0065 1-4 cm 4.3 29.9 
 
21.8oW S0065 14.5-17.5 cm 5.9* 29.6 *CPI25-33 
 S0065-14.5-17.5-ii cm 5.7 29.5 
 
 S0065 30.5-33.5 cm 4.4 29.5 
 
 S0065 42.5-47.5 cm 5.3 29.6 
 
6.8oN S0100 0-3 cm 5.0 29.8 
 
32.9oW S0100 24-27 cm 5.1 29.8 
 
 S0100-24-27-ii cm 5.4 29.7 
 
 S0100 44-47 cm 5.5* 30.0* *CPI27-31, *ACL27-31 
 S0100 55-58 cm 4.8 29.7 
 
 S0100-55-58-ii cm 4.9 29.5 
 
15.4oN S0172-0.5-3.5 cm 3.8 29.6 
 
51.0oW S0172-11.5-14.5 cm 5.1 29.6 
 
 S0172-23.5 26.5 cm 5.4 29.7 
 









Table A3.4. The difference between initial and repeat extractions (denoted ii in Table A3.2) of sediment samples for different n-alkanes. The notation Δi-ii  
before each parameter indicates the value obtained from the first extraction less the value from the duplicate extraction. Conc. = concentration, C#/C31 = 
concentration ratio of each n-alkane to C31 n-alkane (%), 13C = δ13C.   
 
 Δi-ii Conc. [µg/g] Δi-ii C#/C31 [%] Δi-ii13C [‰] 

















C23 - 0.003 0.010 - 0.2 0.2 
- - 
-1.65 
C24 0.002 0.004 0.012 0.8 -0.4 0.3 
- - 
0.15 
C25 0.006 0.010 0.029 1.7 -1.5 1.3 -0.92 -0.63 -0.52 
C26 0.004 0.008 0.021 1.8 -0.9 1.4 -0.02 -1.41 -0.43 
C27 0.017 0.023 0.070 7.1 1.6 7.2 -0.08 -0.30 -0.39 
C28 0.005 0.008 0.024 2.3 0.8 1.7 0.34 -0.25 -0.61 
C29 0.037 0.045 0.127 6.8 5.2 8.1 -0.52 -0.51 -0.73 
C30 0.006 0.008 0.023 0.6 -0.6 0.2 1.43 0.06 -1.64 
C31 0.049 0.057 0.176 0.0 0.0 0.0 0.63 -0.42 -0.65 
C32 0.004 0.005 0.015 -0.7 -1.4 -1.3    
C33 0.026 0.029 0.096 -7.1 -5.1 -8.1 -0.77 -0.85 -0.35 
Ave 0.015 0.018 0.055 1.3 -0.2 1.0 0.01 -0.54 -0.68 
2σ 0.033 0.037 0.111 7.9 4.9 8.5 1.56 0.89 1.12 
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Table A3.5. The average offset in δ13C of individual FAMEs in standard mix against the reference values (n=12), and the overall average offset (n=60). The 
average magnitude !∑|Measurement-Reference|N " and the absolute !
∑(2345673839:;<3=3739>3)
@ " offsets are given. The average, standard deviation and standard error 
of analyses of the internal standard 5α(H)-cholestane (n=32), excluding one outlier with a co-eluting interference is also shown.  
Average offset from reference [‰] Cholestane δ13C [‰] 
FAME C# C11 C13 C16 C21 C23 Average 2σ Average 2σ 2SEM 
Magnitude 0.15 0.09 0.20 0.25 0.26 0.19 0.13    

























Table A3.6. Calibrated 14C ages of T. Sacculifer from core S0100 generated by the gas-source method at the BRAMS 
facility, University of Bristol, calibrated using Oxcal v4.2.4 (Reimer et al., 2013) presented at the 95.4% confidence 
level. The age reversal is a result of resampling of the upper portion of the sediment during a bounce of the coring 






































 Calibrated Age (yr BP)  
Name average depth (cm) from to mu sigma median 
S0100 1-2cm 1.5 4126 3719 3926 101 3924 
S0100 10-11cm 10.5 7655 7351 7500 73 7500 
S0100 21-22cm 21.5 5690 5330 5530 84 5533 
S0100 30-31cm 30.5 10709 10219 10468 130 10469 
S0100 48-49cm 48.5 18339 17558 17943 199 17942 
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Figure A3.1. Distributions of n-alkyl lipids from S0065, S0100 and S0172 at late Holocene =black, middle Holocene = dark grey, deglacial = light grey and LGM = white, 
derived from GC-MS peak areas of TLEs for n-alcohols (m/z = 103) and n-fatty acids (m/z =74, 87) and GC-FID of apolar sample fractions for n-alkanes. Alkane abundances 
relative to average of C27, C29 and C31 and average of C26, C28 and C30 for alcohols and fatty acids.
C23 C25 C27 C29 C31 C33 C35
S0065 n-Alkanes
C29/C31 ~ 0.87-1.01
C23 C25 C27 C29 C31 C33 C35
S0100 n-Alkanes
C29/C31 ~ 0.82-0.91
C23 C25 C27 C29 C31 C33 C35
S0172 n-Alkanes
C29/C31 ~ 0.72-0.79
C22 C24 C26 C28 C30
S0065 n-Acids
Cmax~ C26
C22 C24 C26 C28 C30
S0100 n-Acids
Cmax~ C22–C26
C22 C24 C26 C28 C30
S0172 n-Acids
Cmax~ C24–C26
C22 C24 C26 C28 C30 C32
S0065 n-Alcohols
Cmax~ C28
C22 C24 C26 C28 C30 C32
S0100 n-Alcohols
Cmax~ C28





7.3 Appendix: Chapter 4 
Table A4.1. Concentrations of U and Th in filtered seawater (<0.2 µm) from the DY081 cruise. Samples from CTD024 were filtered by <0.45 µm. 230Th concentrations are 












232Th 2σ 230Th 2σ 232Th/230Th 2σ 238U 2σ 234U 2σ 234U/238U 2σ 
DD DD  m kg/m3 pg/kg  fg/kgxs 0  atomic  ug/g  ng/kg  activity  
63.851617 -53.799188 CTD004-24 5 1026.67 150.1 4.2 1.48 0.12 100700 8538 3.13 0.01 0.19 0.0006 1.147 0.01 
  CTD004-22 17 1026.67 111.7 3.1 1.06 0.07 104634 7968 3.13 0.03 0.19 0.0018 1.147 0.02 
  CTD004-18 50 1027.07 85.9 0.6 1.23 0.11 45585 3208 3.16 0.02 0.20 0.0008 1.147 0.01 
  CTD004-14 198 1027.58 76.3 1.1 2.79 0.31 22276 2203 3.21 0.02 0.20 0.0007 1.147 0.01 
  CTD004-10 496 1027.69 54.8 0.3 3.37 0.09 13975 348 3.23 0.03 0.20 0.0012 1.147 0.01 
  CTD004-8 696 1027.72 68.5 1.3 3.63 0.12 18721 721 3.24 0.01 0.20 0.0007 1.146 0.01 
  CTD004-7 696 1027.72 71.7 0.6 3.82 0.31 16127 1222 3.26 0.05 0.20 0.0018 1.147 0.02 
  CTD004-6 896 1027.74 94.2 26.6 4.98 23.89 16497 74567 3.22 0.03 0.20 0.0014 1.146 0.01 
  CTD004-2 1055 1027.75 112.7 0.7 4.52 0.10 21194 421 3.24 0.03 0.20 0.0016 1.148 0.01 
63.953578 -52.916822 CTD014-4 50 1026.71 360.1 6.8 0.87 0.05 408303 23380 3.09 0.01 0.19 0.0008 1.148 0.01 
63.900950 -53.364050 CTD006-21 5 1026.40 333.6 4.7 1.71 0.09 193760 10199 3.08 0.01 0.19 0.0007 1.148 0.01 
  CTD006-13 100 1027.13 177.6 3.1 1.80 0.07 98004 4293 3.14 0.01 0.19 0.0007 1.148 0.01 
  CTD006-10 326 1027.50 107.2 3.2 2.67 0.12 39890 2174 3.20 0.01 0.20 0.0006 1.147 0.01 
  CTD006-1 642 1027.64 93.2 3.0 3.14 0.14 29403 1615 3.22 0.02 0.20 0.0010 1.147 0.01 
63.418033 -53.146700 CTD008-14 100 1027.40 185.1 1.4 2.31 0.04 79409 1430 3.20 0.02 0.20 0.0007 1.146 0.01 
  CTD008-10 396 1027.59 76.9 0.6 2.86 0.04 26626 445 3.23 0.03 0.20 0.0007 1.147 0.01 
  CTD008-6 1195 1027.74 89.7 0.7 4.44 0.06 20019 323 3.17 0.08 0.20 0.0007 1.146 0.03 
63.453804 -52.879851 CTD009-14 151 1027.31 279.3 4.9 2.23 0.07 124224 4546 3.15 0.02 0.19 0.0012 1.147 0.01 
  CTD009-10 475 1027.59 90.2 1.8 3.06 0.10 29217 1118 3.22 0.02 0.20 0.0006 1.146 0.01 
  CTD009-4 826 1027.67 180.4 4.0 3.87 0.14 46177 1950 3.21 0.02 0.20 0.0007 1.146 0.01 
63.496290 -52.612178 CTD010-2 315 1027.53 207.7 3.7 2.62 0.10 78556 3179 3.20 0.02 0.20 0.0007 1.146 0.01 
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59.395018 -44.498365 CTD024-16 148 1027.49 184.9 2.9 2.67 0.08 68604 2302 3.19 0.03 0.20 0.0012 1.146 0.01 
  CTD024-12 496 1027.60 64.6 4.1 2.66 0.28 24067 2942 3.23 0.02 0.20 0.0011 1.146 0.01 





































Table A4.2. Integrated Th residence times, 232Th fluxes and Fe fluxes. Fe fluxes are shown for a range of SFe/Th  are shown (uncertainties are omitted given the large 
dependence of Fe flux on SFe/Th). CTD004-6 is not integrated due to the large uncertainty. CTD004-7 (696 m) is used in the integration of the CTD004 profile. 
 
sample name !res-integrated 2σ 232Th flux-integrated 2σ Fe flux (SFe/Th = 1) Fe flux (SFe/Th = 0.4) Fe flux (SFe/Th = 1.3) 
 years  μg m-2 yr-1  mg m-2 yr-1 mg m-2 yr-1 mg m-2 yr-1 
CTD004-24 2.74 0.44 0.29 0.05 0.9 0.4 1.2 
CTD004-22 2.47 0.22 0.98 0.09 3.2 1.3 4.2 
CTD004-18 2.24 0.18 2.56 0.21 8.4 3.4 10.9 
CTD004-14 3.32 0.45 5.45 0.74 17.8 7.1 23.2 
CTD004-10 4.67 0.39 8.16 0.68 26.7 10.7 34.7 
CTD004-8 5.14 0.29 9.89 0.56 32.3 12.9 42.0 
CTD004-7 5.19 0.29 9.86 0.55 32.3 12.9 41.9 
CTD004-6 - - - - - - - 
CTD004-2 5.61 0.26 11.80 0.55 38.6 15.4 50.2 
CTD014-4 1.65 0.18 11.23 1.24 36.7 14.7 47.8 
CTD006-21 3.22 0.33 0.53 0.05 1.7 0.7 2.3 
CTD006-13 3.27 0.20 8.17 0.51 26.7 10.7 34.8 
CTD006-10 3.84 0.19 15.53 0.79 50.8 20.3 66.0 
CTD006-1 4.55 0.19 20.28 0.88 66.3 26.5 86.2 
CTD008-14 3.06 0.84 6.22 1.71 20.3 8.1 26.4 
CTD008-10 4.28 0.22 13.74 0.72 45.0 18.0 58.4 
CTD008-6 5.86 0.12 21.70 0.45 71.0 28.4 92.3 
CTD009-14 3.13 1.02 13.88 4.55 45.4 18.2 59.0 
CTD009-10 4.30 0.45 24.40 2.55 79.8 31.9 103.8 
CTD009-4 5.14 0.37 29.88 2.16 97.7 39.1 127.1 
CTD010-2 3.53 1.19 19.04 6.46 62.3 24.9 81.0 
CTD024-16 3.41 1.01 8.24 2.44 26.9 10.8 35.0 
CTD024-12 4.42 0.80 16.47 2.99 53.9 21.5 70.0 
CTD024-4 5.77 0.82 22.60 3.22 73.9 29.6 96.1 
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7.4 Appendix: Database 1 
 
Database 1.  Compiled U and Th isotope concentrations and 232Th fluxes from tropical Atlantic sediment cores. References and notes given as footnotes. 
 









    cm ka dpm/g   dpm/g   dpm/g   µg/g   dpm/g   g/m2*yr   ug/m2*yr     
1 , 2 S0065-GVY001 5 4.4 0.44 0.0020   7.72 0.10 3.24 0.02   12.1 0.2 39 0.7 2SE 
1 , 2 S0065-GVY001 13 6.8 0.38 0.0010  
 
8.21 0.11 2.83 0.01   11.0 0.2 31 0.6 2SE 
1 , 2 S0065-GVY001 21 10.3 0.49 0.0020  
 
7.28 0.08 3.88 0.02   12.4 0.2 48 0.8 2SE 
1 , 2 S0065-GVY001 24 12.0 0.47 0.0030  
 
5.85 0.04 3.64 0.01   15.4 0.1 56 0.5 2SE 
1 , 2 S0065-GVY001 25 12.6 0.71 0.0030  
 
6.79 0.10 5.37 0.03   13.6 0.2 73 1.5 2SE 
1 , 2 S0065-GVY001 27 13.8 0.86 0.0050  
 
6.45 0.07 6.70 0.02   14.7 0.2 99 1.6 2SE 
1 , 2 S0065-GVY001 29 14.8 0.82 0.0030  
 
6.60 0.07 6.46 0.03   14.1 0.2 91 1.6 2SE 
1 , 2 S0065-GVY001 31 15.9 0.84 0.0040  
 
6.33 0.04 6.54 0.02   14.7 0.1 96 1.0 2SE 
1 , 2 S0065-GVY001 33 17.0 0.80 0.0050  
 
6.35 0.08 6.19 0.03   14.3 0.2 89 1.8 2SE 
1 , 2 S0065-GVY001 35 17.6 0.74 0.0010  
 
6.52 0.04 5.87 0.02   13.7 0.1 81 0.9 2SE 
1 , 2 S0065-GVY001 37 18.0 0.73 0.0020  
 
6.11 0.10 5.78 0.04   14.7 0.3 85 2.1 2SE 
1 , 2 S0065-GVY001 39 18.6 0.85 0.0030  
 
7.54 0.06 6.67 0.03   11.7 0.1 78 1.1 2SE 
1 , 2 S0065-GVY001 41 19.1 0.80 0.0040  
 
7.17 0.11 6.08 0.03   12.2 0.2 74 1.7 2SE 
1 , 2 S0065-GVY001 45 22.0 0.84 0.0020  
 
6.31 0.07 6.60 0.05   13.9 0.2 92 1.7 2SE 
1 , 2 S0065-GVY001 49 24.8 0.78 0.0040  
 
6.22 0.07 6.14 0.04   13.6 0.2 84 1.5 2SE 
1 , 2 S0172-GVY014 5 4.4 0.36 0.0010  
 
5.33 0.04 1.67 0.01   13.7 0.1 23 0.3 2SE 
1 , 2 S0172-GVY014 9 5.5 0.39 0.0010  
 
6.79 0.08 1.91 0.01   10.6 0.1 20 0.4 2SE 
1 , 2 S0172-GVY014 13 7.7 0.37 0.0010  
 
7.86 0.06 1.88 0.01   8.9 0.1 17 0.2 2SE 
1 , 2 S0172-GVY014 15 8.6 0.34 0.0003  
 
7.34 0.05 1.78 0.00   9.5 0.1 17 0.1 2SE 
1 , 2 S0172-GVY014 17 9.8 0.35 0.0010  
 
6.20 0.07 1.80 0.01   11.2 0.1 20 0.4 2SE 
1 , 2 S0172-GVY014 18 10.7 0.37 0.0020  
 
6.03 0.04 1.89 0.00   11.4 0.1 22 0.2 2SE 
1 , 2 S0172-GVY014 19 11.4 0.41 0.0010  
 
5.99 0.05 2.33 0.02   11.6 0.1 27 0.5 2SE 
1 , 2 S0172-GVY014 20 12.1 0.42 0.0010  
 
6.23 0.04 2.32 0.00   11.0 0.1 26 0.2 2SE 
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1 , 2 S0172-GVY014 21 12.4 0.43 0.0010  
 
6.35 0.06 2.67 0.01   10.9 0.1 29 0.4 2SE 
1 , 2 S0172-GVY014 21 12.6 0.41 0.0010  
 
6.29 0.05 2.28 0.01   10.9 0.1 25 0.3 2SE 
1 , 2 S0172-GVY014 21 12.7 0.46 0.0010  
 
6.82 0.07 2.73 0.01   10.1 0.1 27 0.4 2SE 
1 , 2 S0172-GVY014 22 12.7 0.43 0.0010  
 
6.56 0.05 2.74 0.00   10.5 0.1 29 0.3 2SE 
1 , 2 S0172-GVY014 23 12.9 0.47 0.0010  
 
6.79 0.05 3.03 0.02   10.2 0.1 31 0.5 2SE 
1 , 2 S0172-GVY014 24 13.0 0.45 0.0020  
 
6.52 0.08 3.03 0.02   10.6 0.1 32 0.6 2SE 
1 , 2 S0172-GVY014 27 13.4 0.56 0.0010  
 
7.90 0.06 3.88 0.02   8.8 0.1 34 0.5 2SE 
1 , 2 S0172-GVY014 28 16.6 0.56 0.0050  
 
7.70 0.07 3.74 0.02   8.7 0.1 33 0.5 2SE 
1 , 2 S0172-GVY014 28 18.8 0.58 0.0030  
 
8.25 0.08 4.01 0.02   8.0 0.1 32 0.5 2SE 
1 , 2 S0172-GVY014 29 20.3 0.59 0.0030  
 
8.83 0.07 4.29 0.01   7.3 0.1 31 0.4 2SE 
1 , 2 S0172-GVY014 29 21.6 0.62 0.0030  
 
9.51 0.08 4.63 0.02   6.7 0.1 31 0.4 2SE 
1 , 2 S0172-GVY014 30 22.3 0.56 0.0010  
 
7.54 0.09 3.87 0.02   8.5 0.1 33 0.6 2SE 
1 , 2 S0172-GVY014 31 23.1 0.58 0.0020  
 
8.06 0.10 4.43 0.02   7.9 0.1 35 0.6 2SE 
1 , 2 S0172-GVY014 32 24.2 0.70 0.0020  
 
9.21 0.08 5.46 0.02   6.9 0.1 38 0.5 2SE 
3 KNR110  82GGC 0-1 0.3   0.73  6.20  4.38    13.5  59  a 






4.62    13.7  63  a 






4.38    12.4  54  a 






3.85    11.3  43  a 






3.52    10.5  37  a 






0.00    10.9    a 






4.66    11.3  53  a 






4.75    11.7  56  a 






5.97    13.7  82  a 






7.16    15.4  110  a 






8.18    16.1  132  a 






8.55    16.6  142  a 






9.17    16.0  147  a 






11.25    15.0  169  a 






10.84    15.2  165  a 






11.29    15.2  172  a 






11.50    14.0  161  a 
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12.28    13.7  168  a 






11.83    14.4  170  a 






10.97    15.3  168  a 






11.33    17.4  197  a 






11.70    16.5  193  a 






12.11    16.2  196  a 






12.64    15.9  201  a 






10.15    16.2  164  a 






11.09    17.9  199  a 






11.70    16.5  193  a 






11.83    17.5  207  a 






11.99    17.4  209  a 






4.87    15.5  75  a 






5.73    15.9  91  a 






5.69    14.9  85  a 






5.89    14.9  88  a 






5.12    15.1  77  a 






5.36    14.2  76  a 






5.93    14.7  87  a 






8.72    17.2  150  a 






8.63    16.4  142  a 






11.01    15.0  165  a 






14.12    14.5  205  a 






11.58    16.1  186  a 






13.91    15.2  211  a 






13.18    15.8  208  a 






13.30    15.1  201  a 






13.26    13.5  179  a 






13.22    15.9  210  a 






13.26    16.4  217  a 






14.24    15.1  215  a 
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14.24    14.9  212  a 






0.00    15.3    a 






15.55    16.2  252  a 






7.94    11.1  88  a 






7.61    11.1  84  a 






6.83    11.1  76  a 






7.12    11.3  80  a 






6.71    11.9  80  a 






7.04    13.2  93  a 






8.68    15.3  133  a 






8.18    16.8  137  a 






9.58    16.4  157  a 






10.03    17.5  175  a 






9.94    15.8  157  a 






10.56    17.2  182  a 






8.80    17.3  152  a 






11.95    16.4  196  a 






12.03    18.0  217  a 






12.73    16.6  211  a 






12.69    17.7  225  a 









14.81    17.6  261  a 









13.95    26.3  367  a 









14.40    17.0  245  a 









13.71    15.6  214  a 









13.22    16.0  211  a 
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13.67    14.6  200  a 









10.48    20.4  214  a 









14.08    15.5  218  a 









11.66    15.7  183  a 









3.11    12.9  40  a 









2.91    11.8  34  a 






3.11    11.1  35  a 






3.27    11.0  36  a 









2.82    11.4  32  a 






    10.0    a 






3.15    10.8  34  a 









3.48    11.0  38  a 






4.38    12.3  54  a 






5.03    11.3  57  a 
3 EN066 38GGC 17-18 13.7   0.66  6.73  4.95    11.9  59  a 






5.93    11.4  68  a 









6.83    10.8  74  a 









6.71    10.5  70  a 






7.20    11.0  79  a 






7.65    10.8  83  a 






7.49    11.8  88  a 
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6.79    11.2  76  a 






7.04    11.5  81  a 






7.08    11.4  81  a 






    11.7    a 






7.73    11.4  88  a 






9.21    12.0  110  a 






7.82    11.7  91  a 






    11.3    a 






    12.8  0  a 
3 EN066  21GGC 
2.5-
3.5 
1.9   0.51  8.78  3.48    12.5  43  a 






3.31    13.0  43  a 









3.44    11.9  41  a 









3.60    10.7  39  a 









3.60    10.9  39  a 









3.85    10.5  40  a 









3.97    10.8  43  a 









4.26    10.9  46  a 









5.97    10.7  64  a 









7.04    11.3  80  a 









6.92    11.2  77  a 
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8.06    10.0  81  a 









8.02    11.0  88  a 






7.16    10.3  74  a 






8.31    11.3  94  a 






8.88    10.9  97  a 
3 EN066  21GGC 24-25 14.7   1.03  8.88  8.68    11.7  101  a 






8.18    11.8  97  a 






8.23    10.4  86  a 






7.86    11.0  86  a 









7.00    10.4  73  a 






8.63    10.9  94  a 






9.25    11.6  107  a 









7.41    10.1  75  a 






9.21    11.5  106  a 






9.41    11.4  107  a 






9.04    11.8  107  a 






3.85    10.5  40  a 






4.01    10.6  43  a 









4.13    10.2  42  a 









    10.7  0  a 






    10.8  0  a 
3 EN066 29GGC 
12.8-
13.2 
8.5   11.77  0.61  4.46    11.1  50  a 









6.06    10.7  65  a 
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7.65    9.8  75  a 






7.98    9.2  73  a 









    8.6  0  a 






9.21    8.3  76  a 






9.74    8.4  82  a 






9.04    9.4  85  a 






9.13    8.0  73  a 






8.76    7.8  68  a 






10.35    7.5  78  a 






10.19    8.4  86  a 
3 EN066 29GGC 36-37 18.4   16.78  1.25      7.3  0  a 






11.70    7.7  90  a 









11.58    7.4  86  a 









10.68    7.5  80  a 






11.05    7.7  85  a 






7.61    7.8  59  a 









9.13    8.4  77  a 









8.96    9.2  82  a 
4 VM20-234 2 1.0 0.39 0.0080  
 
7.55 0.15 3.44 0.07   11.8 0.4 41 1.5 2 σ 
4 VM20-234 5 2.3 0.54 0.0100  
 
11.15 0.22 4.92 0.10   7.9 0.2 39 1.4 2 σ 
4 VM20-234 7 2.9 0.52 0.0100  
 
11.66 0.23 4.86 0.10   7.5 0.2 36 1.3 2 σ 
4 VM20-234 9 3.7 0.51 0.0100  
 
12.48 0.25 4.73 0.09   6.9 0.2 33 1.1 2 σ 
4 VM20-234 11 4.5 0.51 0.0100   12.77 0.26 4.43 0.09   6.6 0.2 29 1.0 2 σ 
4 VM20-234 13 5.2 0.43 0.0080  
 
13.22 0.26 3.81 0.07   6.3 0.2 24 0.8 2 σ 
4 VM20-234 15 6.0 0.48 0.0100  
 
12.86 0.26 3.53 0.07   6.4 0.2 23 0.7 2 σ 
4 VM20-234 18 7.2 0.38 0.0080  
 
13.06 0.26 3.07 0.06   6.2 0.1 19 0.6 2 σ 
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4 VM20-234 20 7.9 0.37 0.0080  
 
12.55 0.25 3.18 0.07   6.5 0.1 21 0.6 2 σ 
4 VM20-234 21 8.3 0.35 0.0080  
 
12.29 0.25 2.96 0.06   6.6 0.1 19 0.6 2 σ 
4 VM20-234 23 9.1 0.39 0.0080  
 
11.58 0.23 3.57 0.07   7.0 0.2 25 0.8 2 σ 
4 VM20-234 25 9.9 0.43 0.0080  
 
11.03 0.22 4.24 0.08   7.4 0.2 31 1.0 2 σ 
4 VM20-234 28 11.1 0.34 0.0060  
 
7.17 0.14 3.41 0.07   11.4 0.3 39 1.4 2 σ 
4 VM20-234 30 11.8 0.31 0.0060  
 
7.10 0.14 3.18 0.07   11.3 0.3 36 1.3 2 σ 
4 VM20-234 32 12.4 0.38 0.0080  
 
6.50 0.13 3.66 0.07   12.5 0.4 46 1.8 2 σ 
4 VM20-234 33 12.5 0.59 0.0120  
 
9.38 0.19 5.24 0.11   8.7 0.3 45 1.7 2 σ 
4 VM20-234 34 12.6 0.43 0.0080   6.87 0.14 4.24 0.08   11.9 0.4 51 2.0 2 σ 
4 VM20-234 36 12.8 0.46 0.0100  
 
6.52 0.13 4.54 0.09   12.7 0.5 58 2.5 2 σ 
4 VM20-234 37 12.9 0.70 0.0140  
 
8.53 0.17 5.69 0.12   9.7 0.4 55 2.3 2 σ 
4 VM20-234 38 13.0 0.66 0.0140  
 
8.51 0.17 5.84 0.12   9.7 0.4 57 2.5 2 σ 
4 VM20-234 39 13.1 0.71 0.0140  
 
8.41 0.17 6.13 0.12   9.9 0.4 61 2.7 2 σ 
4 VM20-234 40 13.2 0.75 0.0140  
 
8.01 0.16 6.05 0.12   10.4 0.4 63 3.0 2 σ 
4 VM20-234 41 13.3 0.92 0.0180  
 
8.06 0.16 6.11 0.12   10.4 0.4 63 3.0 2 σ 
4 VM20-234 42 13.4 0.48 0.0100  
 
6.28 0.13 4.64 0.09   13.2 0.5 61 2.8 2 σ 
4 VM20-234 43 13.9 0.51 0.0100  
 
6.41 0.13 4.99 0.10   13.0 0.6 65 3.1 2 σ 
4 VM20-234 44 14.6 0.51 0.0100  
 
6.03 0.12 4.90 0.10   13.7 0.6 67 3.2 2 σ 
4 VM20-234 45 15.2 0.54 0.0100  
 
6.30 0.13 5.09 0.10   13.1 0.6 67 3.2 2 σ 
4 VM20-234 46 15.5 0.56 0.0120  
 
6.29 0.13 5.34 0.11   13.1 0.6 70 3.5 2 σ 
4 VM20-234 47 15.8 0.66 0.0140   6.74 0.13 6.09 0.12   12.3 0.6 75 4.0 2 σ 
4 VM20-234 48 16.1 0.62 0.0120  
 
6.38 0.13 5.76 0.12   13.0 0.6 75 3.9 2 σ 
4 VM20-234 49 16.5 0.64 0.0120  
 
6.54 0.13 6.00 0.12   12.7 0.6 76 4.0 2 σ 
4 VM20-234 50 16.8 0.97 0.0200  
 
8.32 0.17 7.83 0.16   10.0 0.5 78 4.2 2 σ 
4 VM20-234 52 17.4 1.07 0.0220  
 
8.40 0.17 8.25 0.16   9.9 0.5 82 4.6 2 σ 
4 VM20-234 54 18.1 0.70 0.0140  
 
5.80 0.12 6.25 0.12   14.4 0.8 90 5.4 2 σ 
4 VM20-234 56 18.7 0.65 0.0120  
 
5.85 0.12 6.19 0.12   14.2 0.8 88 5.1 2 σ 
4 VM20-234 58 19.4 0.67 0.0140   6.29 0.13 6.21 0.12   13.0 0.7 80 4.4 2 σ 
4 VM20-234 59 19.7 0.70 0.0140  
 
6.18 0.12 6.37 0.12   13.3 0.7 84 4.8 2 σ 
4 VM20-234 60 19.9 1.02 0.0200  
 
5.33 0.11 5.52 0.11   15.6 0.8 86 4.9 2 σ 
4 VM20-234 62 20.2 0.92 0.0180  
 
8.06 0.16 8.05 0.16   10.1 0.5 81 4.5 2 σ 
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4 VM20-234 63 20.4 0.91 0.0180  
 
7.97 0.16 7.84 0.16   10.1 0.5 79 4.4 2 σ 
4 VM20-234 66 21.1 0.91 0.0180  
 
7.85 0.16 8.11 0.16   10.3 0.5 83 4.7 2 σ 
5 ODP 658C 3 0.2 2.03 0.3040   2.86 0.08 5.10 0.93 1.99 0.18 30.4 1.3 155 31.3 2 σ 
5 ODP 658C 5 0.3 2.06 0.0760  
 
2.89 0.07 5.29 0.12 1.99 0.07 30.4 0.5 161 6.8 2 σ 
5 ODP 658C 7 0.4 1.91 0.0280  
 
11.47 0.36 5.08 0.12 10.63 0.36 5.7 0.1 29 1.2 2 σ 
5 ODP 658C 9 0.5 1.94 0.0800  
 
5.71 0.23 5.04 0.21 4.86 0.23 12.4 0.3 63 4.0 2 σ 
5 ODP 658C 11 0.5 2.14 0.0600  
 
2.73 0.14 5.47 0.17 1.79 0.14 33.7 1.4 184 16.0 2 σ 
5 ODP 658C 18 0.6 2.44 0.0280  
 
2.77 0.05 5.19 0.11 1.89 0.05 32.0 0.4 166 5.6 2 σ 
5 ODP 658C 20 0.7 2.62 0.1540  
 
5.04 0.20 5.35 0.34 4.14 0.21 14.6 0.4 78 6.3 2 σ 
5 ODP 658C 22 0.7 2.85 0.0240  
 
2.94 0.07 5.76 0.05 1.95 0.08 31.0 0.6 178 7.2 2 σ 
5 ODP 658C 26 0.8 2.86 0.1100  
 
2.90 0.07 5.44 0.33 1.97 0.09 30.7 0.7 167 12.7 2 σ 
5 ODP 658C 31 0.9 2.54 0.0380  
 
2.90 0.15 4.86 0.18 2.07 0.16 29.2 1.1 142 12.0 2 σ 
5 ODP 658C 33 0.9 3.19 0.0620  
 
2.87 0.24 5.46 0.22 1.93 0.24 31.3 1.9 171 22.3 2 σ 
5 ODP 658C 35 1.0 2.78 0.0160  
 
2.96 0.19 4.95 0.04 2.11 0.19 28.6 1.3 141 13.0 2 σ 
5 ODP 658C 37 1.0 3.16 0.0940  
 
2.97 0.06 5.71 0.13 1.99 0.07 30.3 0.5 173 7.2 2 σ 
5 ODP 658C 42 1.1 2.39 0.0560  
 
2.97 0.05 3.94 0.12 2.30 0.06 26.3 0.3 104 4.2 2 σ 
5 ODP 658C 44 1.2 3.25 0.0460  
 
2.92 0.13 5.52 0.11 1.97 0.13 30.6 1.0 169 11.5 2 σ 
5 ODP 658C 46 1.2 3.31 0.0880  
 
3.10 0.14 5.56 0.15 2.14 0.14 28.2 0.9 157 11.3 2 σ 
5 ODP 658C 48 1.3 3.21 0.1060  
 
2.98 0.08 5.69 0.23 2.00 0.09 30.2 0.7 172 10.4 2 σ 
5 ODP 658C 51 1.4 3.21 0.0480  
 
3.07 0.12 5.62 0.16 2.10 0.13 28.8 0.9 161 10.9 2 σ 
5 ODP 658C 55 1.5 3.23 0.0800  
 
2.94 0.23 5.65 0.15 1.96 0.23 30.8 1.8 174 21.1 2 σ 
5 ODP 658C 57 1.6 3.28 0.0660  
 
3.07 0.30 5.61 0.10 2.10 0.31 28.8 2.1 162 24.1 2 σ 
5 ODP 658C 59 1.7 3.24 0.1500  
 
3.03 0.04 5.38 0.33 2.10 0.07 28.7 0.5 155 10.7 2 σ 
5 ODP 658C 61 1.9 3.17 0.0260  
 
3.03 0.14 5.12 0.11 2.15 0.15 28.1 1.0 144 10.2 2 σ 
5 ODP 658C 63 2.0 3.56 0.1060  
 
2.88 0.16 5.61 0.22 1.91 0.17 31.7 1.4 178 17.4 2 σ 
5 ODP 658C 67 2.3 3.77 0.3400  
 
3.18 0.12 5.44 0.60 2.23 0.16 27.1 1.0 148 19.4 2 σ 
5 ODP 658C 69 2.5 3.41 0.1600  
 
2.94 0.02 5.15 0.17 2.05 0.04 29.5 0.3 152 5.8 2 σ 
5 ODP 658C 71 2.6 3.61 0.0600  
 
3.18 0.18 5.58 0.22 2.21 0.19 27.3 1.2 152 14.6 2 σ 
5 ODP 658C 76 3.1 3.72 0.1120  
 
3.03 0.17 5.34 0.20 2.10 0.18 28.8 1.3 154 14.6 2 σ 
5 ODP 658C 78 3.3 3.68 0.0580  
 
3.23 0.09 5.40 0.09 2.29 0.09 26.3 0.5 142 6.2 2 σ 
5 ODP 658C 80 3.4 3.77 0.1660  
 
3.15 0.19 5.35 0.19 2.22 0.20 27.2 1.2 146 13.9 2 σ 
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5 ODP 658C 82 3.6 3.89 0.0460  
 
3.28 0.09 5.61 0.21 2.30 0.10 26.3 0.6 147 8.6 2 σ 
5 ODP 658C 84 3.8 3.54 0.1200  
 
2.98 0.22 5.07 0.11 2.10 0.23 28.7 1.6 146 16.1 2 σ 
5 ODP 658C 86 4.0 4.09 0.2240  
 
3.17 0.21 5.49 0.38 2.21 0.23 27.3 1.4 150 18.7 2 σ 
5 ODP 658C 91 4.3 3.96 0.1240  
 
3.28 0.06 5.50 0.12 2.32 0.07 26.0 0.4 143 5.2 2 σ 
5 ODP 658C 93 4.4 4.26 0.0820  
 
3.23 0.01 5.42 0.18 2.26 0.04 26.7 0.2 145 5.3 2 σ 
5 ODP 658C 97 4.5 3.63 0.1180  
 
3.20 0.12 4.76 0.16 2.37 0.13 25.5 0.7 121 7.9 2 σ 
5 ODP 658C 104 4.7 4.43 0.0940  
 
3.37 0.04 5.50 0.11 2.38 0.04 25.4 0.2 140 3.7 2 σ 
5 ODP 658C 109 4.9 4.42 0.1160  
 
3.29 0.15 5.78 0.19 2.24 0.16 26.9 0.9 156 12.0 2 σ 
5 ODP 658C 111 4.9 4.19 0.2740  
 
3.46 0.22 5.62 0.50 2.45 0.25 24.6 1.2 138 18.7 2 σ 
5 ODP 658C 113 5.0 4.35 0.1720  
 
3.42 0.04 5.71 0.21 2.38 0.06 25.4 0.3 145 6.4 2 σ 
5 ODP 658C 115 5.1 4.17 0.4360  
 
3.44 0.05 5.64 0.60 2.43 0.12 24.9 0.6 140 16.4 2 σ 
5 ODP 658C 117 5.1 4.20 0.1200  
 
3.30 0.23 5.75 0.23 2.25 0.24 26.8 1.4 154 17.8 2 σ 
5 ODP 658C 119 5.2 4.45 0.0560  
 
3.48 0.17 5.71 0.11 2.44 0.18 24.8 0.9 142 10.9 2 σ 
5 ODP 658C 124 5.4 4.13 0.0660  
 
3.56 0.04 5.66 0.07 2.54 0.05 23.8 0.2 135 2.9 2 σ 
5 ODP 658C 126 5.5 3.92 0.0660  
 
3.92 0.10 5.21 0.12 3.01 0.11 20.1 0.4 105 4.5 2 σ 
5 ODP 658C 131 5.8 3.86 0.0760  
 
4.02 0.26 4.07 0.11 3.30 0.28 18.3 0.8 74 6.5 2 σ 
5 ODP 658C 135 6.1 3.44 0.0800  
 
3.89 0.03 4.19 0.15 3.18 0.04 19.0 0.1 80 3.0 2 σ 
5 ODP 658C 140 6.4 3.44 0.1360  
 
3.97 0.20 4.06 0.14 3.29 0.21 18.4 0.6 75 5.4 2 σ 
5 ODP 658C 142 6.5 3.31 0.2280  
 
4.02 0.01 3.88 0.27 3.38 0.05 17.9 0.1 69 5.0 2 σ 
5 ODP 658C 147 6.8 3.23 0.1180  
 
4.07 0.06 3.99 0.05 3.42 0.06 17.7 0.2 70 1.5 2 σ 
5 ODP 658C 149 6.9 3.21 0.0400  
 
4.05 0.07 3.88 0.06 3.42 0.08 17.7 0.2 69 1.8 2 σ 
5 ODP 658C 156 7.4 3.33 0.2800  
 
4.05 0.16 3.64 0.24 3.45 0.18 17.5 0.5 64 5.3 2 σ 
5 ODP 658C 161 7.5 3.39 0.2220  
 
3.96 0.05 3.52 0.24 3.36 0.07 18.0 0.2 63 4.5 2 σ 
5 ODP 658C 163 7.6 3.34 0.1360  
 
4.03 0.24 3.64 0.16 3.42 0.26 17.6 0.7 64 5.5 2 σ 
5 ODP 658C 165 7.6 3.41 0.1880  
 
3.99 0.11 3.73 0.19 3.36 0.12 18.0 0.3 67 4.2 2 σ 
5 ODP 658C 167 7.6 3.01 0.1460  
 
4.01 0.13 3.32 0.11 3.49 0.14 17.3 0.3 58 2.9 2 σ 
5 ODP 658C 169 7.7 3.05 0.1800  
 
3.95 0.09 3.25 0.25 3.43 0.10 17.6 0.3 57 4.7 2 σ 
5 ODP 658C 171 7.7 3.32 0.2420  
 
3.90 0.07 3.64 0.29 3.29 0.09 18.4 0.3 67 5.6 2 σ 
5 ODP 658C 173 7.7 3.35 0.3160  
 
3.80 0.07 3.64 0.35 3.18 0.10 19.0 0.3 69 7.0 2 σ 
5 ODP 658C 175 7.8 3.40 0.2480  
 
3.93 0.03 3.66 0.28 3.31 0.06 18.3 0.2 67 5.2 2 σ 
5 ODP 658C 177 7.8 3.33 0.1880  
 
4.03 0.06 3.50 0.21 3.45 0.08 17.5 0.2 61 4.0 2 σ 
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5 ODP 658C 179 7.8 3.56 0.1680  
 
3.92 0.09 3.62 0.11 3.29 0.10 18.4 0.3 66 2.8 2 σ 
5 ODP 658C 181 7.9 3.63 0.0800  
 
3.95 0.13 3.57 0.06 3.33 0.14 18.2 0.4 65 3.0 2 σ 
5 ODP 658C 183 7.9 3.59 0.2900  
 
3.90 0.05 3.49 0.25 3.29 0.08 18.4 0.2 64 4.9 2 σ 
5 ODP 658C 189 8.3 3.56 0.1800  
 
3.63 0.01 3.36 0.20 3.02 0.04 20.0 0.1 67 4.2 2 σ 
5 ODP 658C 191 8.5 3.74 0.2040  
 
3.13 0.05 3.38 0.18 2.46 0.07 24.6 0.3 83 5.0 2 σ 
5 ODP 658C 193 8.8 3.65 0.2360  
 
3.19 0.02 3.50 0.27 2.52 0.06 24.0 0.3 84 6.8 2 σ 
5 ODP 658C 195 9.0 3.46 0.8500  
 
3.16 0.09 3.30 0.74 2.53 0.19 23.9 0.9 79 18.8 2 σ 
5 ODP 658C 197 9.2 3.82 0.2760  
 
3.13 0.06 3.50 0.31 2.43 0.10 24.9 0.5 87 8.5 2 σ 
5 ODP 658C 199 9.5 3.72 0.5740  
 
3.22 0.10 3.26 0.55 2.58 0.16 23.4 0.7 76 13.7 2 σ 
5 ODP 658C 206 10.0 3.75 0.2620  
 
3.14 0.07 3.36 0.27 2.47 0.09 24.5 0.5 82 7.3 2 σ 
5 ODP 658C 208 10.1 3.55 0.3420  
 
3.15 0.11 3.46 0.34 2.48 0.14 24.4 0.7 84 9.6 2 σ 
5 ODP 658C 210 10.3 3.63 0.4000  
 
3.19 0.01 3.36 0.35 2.53 0.08 23.9 0.4 80 8.8 2 σ 
5 ODP 658C 212 10.4 3.69 0.1380  
 
3.20 0.13 3.30 0.10 2.55 0.15 23.7 0.7 78 5.1 2 σ 
5 ODP 658C 214 10.5 3.74 0.2240  
 
3.12 0.02 3.50 0.20 2.42 0.05 25.0 0.3 88 5.5 2 σ 
5 ODP 658C 216 10.6 3.49 0.3660  
 
3.32 0.03 3.43 0.38 2.68 0.09 22.6 0.4 77 8.9 2 σ 
5 ODP 658C 218 10.7 3.76 0.3680  
 
3.18 0.06 3.49 0.35 2.48 0.10 24.4 0.5 85 9.3 2 σ 
5 ODP 658C 220 10.8 4.24 0.0580  
 
3.16 0.08 3.86 0.15 2.33 0.09 25.9 0.5 100 5.6 2 σ 
5 ODP 658C 222 10.9 4.09 0.0540  
 
3.08 0.07 4.22 0.07 2.20 0.08 27.4 0.5 116 4.7 2 σ 
5 ODP 658C 224 11.0 3.79 0.0540  
 
3.11 0.13 3.52 0.16 2.39 0.15 25.3 0.8 89 6.7 2 σ 
5 ODP 658C 226 11.1 3.96 0.0440  
 
3.11 0.13 3.86 0.10 2.31 0.14 26.2 0.8 101 6.7 2 σ 
5 ODP 658C 232 11.4 3.94 0.1340  
 
3.11 0.04 3.71 0.15 2.33 0.06 25.9 0.3 96 4.5 2 σ 
5 ODP 658C 234 11.5 3.93 0.0360  
 
3.07 0.03 3.64 0.10 2.30 0.04 26.3 0.2 96 3.0 2 σ 
5 ODP 658C 236 11.5 3.72 0.0520  
 
3.08 0.01 3.66 0.07 2.34 0.02 25.9 0.1 95 2.0 2 σ 
5 ODP 658C 238 11.6 3.76 0.0660  
 
3.03 0.01 3.84 0.10 2.24 0.02 27.0 0.1 103 2.9 2 σ 
5 ODP 658C 240 11.7 3.40 0.2380  
 
3.10 0.15 3.44 0.25 2.43 0.18 24.9 0.9 86 9.0 2 σ 
5 ODP 658C 242 11.7 3.63 0.0660  
 
3.11 0.04 3.74 0.16 2.36 0.06 25.6 0.3 96 4.8 2 σ 
5 ODP 658C 244 11.8 3.59 0.0320  
 
3.00 0.20 3.54 0.07 2.27 0.22 26.6 1.3 94 9.4 2 σ 
5 ODP 658C 246 11.9 3.77 0.0200  
 
3.05 0.09 3.86 0.06 2.25 0.10 26.8 0.6 104 4.7 2 σ 
5 ODP 658C 248 11.9 3.80 0.1360  
 
3.04 0.12 3.88 0.07 2.23 0.14 27.1 0.9 105 6.9 2 σ 
5 ODP 658C 250 12.0 3.93 0.1320  
 
3.06 0.13 4.04 0.13 2.21 0.15 27.4 0.9 111 8.1 2 σ 
5 ODP 658C 257 12.2 4.18 0.0580  
 
2.71 0.06 3.87 0.08 1.81 0.07 33.5 0.7 129 6.0 2 σ 
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5 ODP 658C 262 12.4 4.40 0.1120  
 
2.46 0.16 4.57 0.11 1.38 0.18 43.9 2.9 201 27.2 2 σ 
5 ODP 658C 264 12.5 4.19 0.0780  
 
2.53 0.08 4.25 0.17 1.53 0.10 39.4 1.3 168 12.7 2 σ 
5 ODP 658C 266 12.5 4.40 0.1300  
 
2.60 0.19 4.37 0.07 1.55 0.21 38.9 2.6 170 23.2 2 σ 
5 ODP 658C 268 12.6 4.11 0.0220  
 
2.65 0.16 4.33 0.17 1.66 0.18 36.3 2.0 157 18.1 2 σ 
5 ODP 658C 270 12.7 3.92 0.1000  
 
2.71 0.13 4.00 0.18 1.81 0.15 33.4 1.4 134 12.9 2 σ 
5 ODP 658C 272 12.7 4.36 0.0900  
 
2.66 0.05 3.89 0.09 1.70 0.06 35.5 0.6 138 5.6 2 σ 
5 ODP 658C 274 12.8 4.48 0.1300  
 
2.57 0.16 4.28 0.16 1.52 0.18 39.8 2.4 170 21.6 2 σ 
5 ODP 658C 280 13.0 4.43 0.0540  
 
2.68 0.06 4.08 0.07 1.68 0.07 36.0 0.8 147 6.7 2 σ 
5 ODP 658C 282 13.0 4.29 0.2140  
 
2.59 0.06 4.29 0.27 1.56 0.09 38.7 1.1 166 14.3 2 σ 
5 ODP 658C 284 13.1 4.11 0.1000  
 
2.63 0.05 3.96 0.11 1.69 0.06 35.7 0.6 142 6.4 2 σ 
5 ODP 658C 286 13.1 4.42 0.1580  
 
2.70 0.07 3.69 0.12 1.76 0.09 34.3 0.9 127 7.6 2 σ 
5 ODP 658C 288 13.2 4.40 0.1280  
 
2.73 0.16 3.67 0.18 1.79 0.18 33.7 1.7 124 14.0 2 σ 
5 ODP 658C 290 13.2 3.99 0.0920  
 
2.69 0.10 3.43 0.09 1.85 0.12 32.7 1.0 112 7.6 2 σ 
5 ODP 658C 292 13.2 4.07 0.0680  
 
2.68 0.01 3.91 0.09 1.75 0.02 34.5 0.2 135 3.7 2 σ 
5 ODP 658C 294 13.3 4.10 0.5480  
 
2.58 0.03 3.88 0.50 1.64 0.13 36.9 1.5 143 21.8 2 σ 
5 ODP 658C 296 13.4 4.03 0.0400  
 
2.90 0.07 3.70 0.11 2.03 0.09 29.7 0.6 110 5.8 2 σ 
5 ODP 658C 298 13.4 4.15 0.0720  
 
2.73 0.08 3.68 0.06 1.82 0.09 33.1 0.8 122 6.1 2 σ 
5 ODP 658C 300 13.5 4.14 0.0440  
 
3.04 0.07 3.73 0.05 2.16 0.08 27.9 0.5 104 4.1 2 σ 
5 ODP 658C 302 13.6 4.20 0.0780  
 
3.03 0.23 3.94 0.03 2.11 0.26 28.7 1.8 113 13.9 2 σ 
5 ODP 658C 310 13.9 4.27 0.0400  
 
2.85 0.15 3.84 0.07 1.89 0.17 31.9 1.5 123 11.4 2 σ 
5 ODP 658C 312 14.0 4.38 0.1400  
 
2.89 0.09 3.89 0.11 1.91 0.11 31.6 0.9 123 7.9 2 σ 
5 ODP 658C 314 14.1 4.18 0.1080  
 
2.91 0.25 3.79 0.08 1.98 0.29 30.5 2.2 115 17.0 2 σ 
5 ODP 658C 316 14.1 4.32 0.0800  
 
2.79 0.07 3.88 0.13 1.81 0.09 33.4 0.8 130 7.9 2 σ 
5 ODP 658C 318 14.2 4.15 0.0540  
 
2.84 0.21 3.55 0.10 1.96 0.24 30.9 1.9 110 13.9 2 σ 
5 ODP 658C 320 14.2 3.90 0.1100  
 
2.78 0.07 3.36 0.11 1.96 0.09 30.8 0.7 103 5.6 2 σ 
5 ODP 658C 325 15.1 3.39 0.0360  
 
2.34 0.09 3.52 0.07 1.51 0.11 40.0 1.4 141 10.4 2 σ 
5 ODP 658C 329 17.5 3.29 0.1280  
 
2.79 0.10 4.37 0.18 1.89 0.12 32.0 1.0 140 10.4 2 σ 
5 ODP 658C 331 17.7 3.42 0.1180  
 
3.05 0.12 4.28 0.10 2.18 0.14 27.8 0.9 119 8.3 2 σ 
5 ODP 658C 333 17.8 3.28 0.0700  
 
2.89 0.11 4.65 0.16 1.94 0.13 31.1 1.0 145 10.8 2 σ 
5 ODP 658C 335 18.0 3.13 0.0920  
 
2.83 0.13 4.34 0.07 1.96 0.16 30.8 1.3 134 11.1 2 σ 
5 ODP 658C 337 18.2 3.28 0.1380  
 
2.92 0.14 4.59 0.24 2.00 0.18 30.3 1.3 139 14.3 2 σ 
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5 ODP 658C 339 18.3 3.15 0.0620  
 
2.96 0.13 4.36 0.07 2.11 0.16 28.6 1.1 125 9.5 2 σ 
5 ODP 658C 341 18.5 3.21 0.0600  
 
2.92 0.18 4.42 0.07 2.05 0.21 29.5 1.5 130 13.7 2 σ 
6 RC24-01 5 4.4 0.21 0.0042 0.22 0.00 7.27 0.00 1.39 0.03   13.8 0.0 19 0.4 ± 
6 RC24-01 9 6.7 0.19 0.0072 0.21 0.01 7.40 0.00 1.34 0.02   13.2 0.0 18 0.3 ± 
6 RC24-01 14 8.3 0.19 0.0051 0.21 0.01 8.23 0.00 1.46 0.02   11.7 0.0 17 0.2 ± 
6 RC24-01 21 10.1 0.23 0.0046 0.25 0.00 7.44 0.00 1.76 0.02   12.9 0.0 23 0.3 ± 
6 RC24-01 27 11.6 0.40 0.0119 0.44 0.01 6.75 0.00 2.50 0.03   14.3 0.0 36 0.5 ± 
6 RC24-01 33 13.1 0.69 0.0194 0.77 0.02 6.36 0.01 2.82 0.04   15.3 0.0 43 0.6 ± 
6 RC24-01 39 14.6 2.14 0.0474 2.39 0.05 6.98 0.02 3.96 0.05   14.5 0.1 57 0.7 ± 
6 RC24-01 45 15.9 4.03 0.0512 4.58 0.05 7.60 0.05 4.11 0.05   13.7 0.1 56 0.7 ± 
6 RC24-01 51 17.0 6.25 0.1057 7.12 0.11 7.62 0.07 2.79 0.04   13.9 0.1 39 0.7 ± 
6 RC24-01 71 20.9 4.32 0.0522 4.87 0.05 7.55 0.07 2.85 0.05   13.2 0.1 38 0.7 ± 
6 RC24-01 90 24.6 3.43 0.0465 3.86 0.05 7.87 0.04 3.94 0.05   12.3 0.1 48 0.7 ± 
6 RC24-01 105 27.5 3.32 0.0657 3.75 0.07 7.77 0.04 3.42 0.05   12.1 0.1 41 0.6 ± 
6 RC24-01 150 36.2 2.21 0.0310 2.44 0.03 6.47 0.03 3.28 0.04   13.2 0.1 43 0.5 ± 
6 RC24-01 201 45.9 2.56 0.0382 2.90 0.04 5.94 0.03 2.48 0.05   14.1 0.1 35 0.7 ± 
6 RC24-01 250 54.5 1.43 0.0333 1.59 0.03 6.90 0.02 2.84 0.04   10.2 0.0 29 0.4 ± 
6 RC24-01 286 60.8 1.48 0.0280 1.59 0.03 5.67 0.02 4.00 0.05   12.3 0.0 49 0.6 ± 
6 RC24-07 2 1.9 0.19 0.0074 0.21 0.01 7.07 0.00 1.12 0.03   14.6 0.0 16 0.4 ± 
6 RC24-07 15 4.4 0.15 0.0067 0.16 0.01 7.81 0.00 1.06 0.01   12.9 0.0 14 0.2 ± 
6 RC24-07 29 7.2 0.22 0.0057 0.25 0.01 7.95 0.00 1.34 0.02   12.4 0.0 17 0.3 ± 
6 RC24-07 43 9.7 1.36 0.0173 1.52 0.02 7.06 0.01 2.65 0.06   14.4 0.0 38 0.9 ± 
6 RC24-07 49 10.8 3.38 0.0507 3.85 0.05 6.85 0.04 2.28 0.04   15.1 0.1 35 0.6 ± 
6 RC24-07 56 12.1 4.10 0.0501 4.64 0.05 7.37 0.04 2.45 0.03   14.1 0.1 34 0.5 ± 
6 RC24-07 61 13.0 3.27 0.0394 3.71 0.04 7.07 0.03 2.61 0.03   14.5 0.1 38 0.5 ± 
6 RC24-07 66 13.9 3.46 0.0519 3.91 0.05 8.65 0.04 3.63 0.04   11.8 0.1 43 0.5 ± 
6 RC24-07 77 15.8 4.33 0.0530 4.87 0.05 9.16 0.05 3.78 0.06   11.2 0.1 42 0.7 ± 
6 RC24-07 112 21.0 5.37 0.0619 6.03 0.06 7.25 0.06 1.91 0.03   14.3 0.1 27 0.5 ± 
6 RC24-07 144 25.6 5.18 0.0636 5.83 0.06 9.99 0.05 3.50 0.05   9.8 0.1 34 0.6 ± 
6 RC24-07 179 30.7 4.20 0.0486 4.70 0.05 8.83 0.04 2.58 0.04   10.5 0.1 27 0.4 ± 
6 RC24-07 229 38.0 2.98 0.0431 3.33 0.04 6.31 0.03 2.09 0.04   14.2 0.1 30 0.6 ± 
 
 276 
6 RC24-07 279 45.2 2.83 0.0396 3.16 0.04 6.41 0.03 2.02 0.03   13.2 0.1 27 0.4 ± 
6 RC24-07 329 52.5 3.22 0.0472 3.61 0.05 7.00 0.04 1.88 0.03   11.7 0.1 22 0.4 ± 
6 RC24-07 369 60.2 2.91 0.0372 3.15 0.04 7.16 0.03 3.43 0.05   10.8 0.1 37 0.6 ± 
6 RC24-12 2 1.8 0.18 0.0073 0.20 0.01 5.39 0.00 0.70 0.01   17.1 0.0 12 0.2 ± 
6 RC24-12 18 4.1 0.14 0.0049 0.15 0.00 6.12 0.00 0.76 0.01   14.7 0.0 11 0.1 ± 
6 RC24-12 36 6.8 0.13 0.0057 0.15 0.01 5.93 0.00 0.70 0.01   14.8 0.0 10 0.1 ± 
6 RC24-12 53 9.9 0.13 0.0033 0.15 0.00 5.14 0.00 0.75 0.01   16.7 0.0 13 0.2 ± 
6 RC24-12 59 11.0 0.16 0.0079 0.18 0.01 4.97 0.00 1.01 0.02   17.3 0.0 18 0.3 ± 
6 RC24-12 64 11.9 0.14 0.0055 0.16 0.01 4.61 0.00 1.01 0.09   18.5 0.0 19 1.6 ± 
6 RC24-12 71 13.2 0.17 0.0047 0.19 0.00 4.81 0.00 1.30 0.02   17.7 0.0 23 0.4 ± 
6 RC24-12 78 15.0 0.21 0.0098 0.23 0.01 6.47 0.00 1.92 0.03   13.0 0.0 25 0.3 ± 
6 RC24-12 86 17.5 0.25 0.0067 0.29 0.01 6.00 0.00 1.57 0.03   13.6 0.0 21 0.4 ± 
6 RC24-12 94 19.5 0.61 0.0137 0.79 0.01 7.64 0.01 1.82 0.02   10.5 0.0 19 0.3 ± 
6 RC24-12 102 21.6 0.94 0.0243 1.26 0.02 8.73 0.01 2.22 0.03   9.1 0.0 20 0.2 ± 
6 RC24-12 112 24.5 1.15 0.0201 1.56 0.02 8.87 0.01 1.98 0.03   8.8 0.0 17 0.3 ± 
6 RC24-12 135 32.3 17.22 0.2790 19.87 0.28 7.01 0.39 1.31 0.01   36.4 2.0 48 2.7 ± 
6 RC24-12 155 42.2 13.81 0.1718 16.64 0.17 6.64 0.15 1.47 0.02   43.0 1.0 63 1.6 ± 
6 RC24-12 175 54.4 7.97 0.1077 10.21 0.11 8.43 0.58 1.77 0.02   11.8 0.8 21 1.5 ± 
6 RC24-12 199 60.1 5.78 0.0929 6.43 0.09 6.91 0.08 1.47 0.02   13.2 0.1 19 0.4 ± 
6 RC16-66 5 2.3 0.60 0.0130 0.60 0.01 12.23 0.01 5.80 0.07   10.1 0.0 59 0.7 ± 
6 RC16-66 12 5.4 0.58 0.0099 0.58 0.01 11.73 0.01 5.59 0.06   10.3 0.0 57 0.6 ± 
6 RC16-66 16 6.9 0.53 0.0123 0.53 0.01 11.10 0.01 5.34 0.08   10.7 0.0 57 0.9 ± 
6 RC16-66 23 9.5 0.55 0.0199 0.54 0.02 10.21 0.01 5.43 0.14   11.4 0.0 62 1.6 ± 
6 RC16-66 34 12.5 0.60 0.0208 0.60 0.02 7.96 0.01 6.32 0.10   15.0 0.0 95 1.5 ± 
6 RC16-66 44 13.6 0.76 0.0137 0.76 0.01 7.21 0.01 7.86 0.15   17.3 0.0 136 2.6 ± 
6 RC16-66 56 15.0 1.11 0.0131 1.10 0.01 8.28 0.01 12.11 0.22   16.0 0.0 193 3.5 ± 
6 RC16-66 66 16.2 0.85 0.0110 0.84 0.01 7.17 0.01 9.21 0.16   17.6 0.0 162 2.9 ± 
6 RC16-66 80 17.8 0.80 0.0153 0.78 0.02 7.09 0.01 9.34 0.17   17.5 0.0 164 3.1 ± 
6 RC16-66 100 20.0 1.02 0.0217 1.00 0.02 7.29 0.01 11.96 0.26   17.8 0.0 213 4.7 ± 
6 RC16-66 121 22.2 0.94 0.0122 0.91 0.01 6.30 0.01 10.56 0.14   20.3 0.0 214 2.8 ± 
6 RC16-66 151 25.9 0.84 0.0224 0.84 0.02 5.51 0.01 7.84 0.14   21.4 0.0 167 2.9 ± 
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6 RC13-189 3 2.8 0.24 0.0107 0.24 0.01 5.68 0.00 1.87 0.03   15.4 0.0 29 0.4 ± 
6 RC13-189 11 5.4 0.21 0.0039 0.22 0.00 7.28 0.00 1.84 0.02   11.6 0.0 21 0.3 ± 
6 RC13-189 18 7.7 0.27 0.0105 0.29 0.01 6.74 0.00 2.76 0.03   12.6 0.0 35 0.4 ± 
6 RC13-189 25 10.1 0.42 0.0124 0.42 0.01 6.35 0.01 4.31 0.06   13.7 0.0 59 0.8 ± 
6 RC13-189 28 11.2 0.46 0.0135 0.45 0.01 5.99 0.01 4.71 0.09   14.7 0.0 69 1.4 ± 
6 RC13-189 33 12.9 0.46 0.0138 0.46 0.01 5.37 0.01 4.81 0.05   16.4 0.0 79 0.9 ± 
6 RC13-189 36 13.8 0.51 0.0101 0.49 0.01 5.78 0.01 5.37 0.07   15.2 0.0 82 1.1 ± 
6 RC13-189 40 14.7 0.57 0.0137 0.55 0.01 5.96 0.01 5.79 0.11   14.8 0.0 85 1.6 ± 
6 RC13-189 60 18.7 0.51 0.0117 0.51 0.01 5.28 0.01 5.40 0.07   16.2 0.0 87 1.1 ± 
6 RC13-189 70 20.8 0.60 0.0157 0.63 0.02 5.10 0.01 5.17 0.11   16.4 0.0 85 1.7 ± 
6 RC13-189 80 22.9 2.71 0.0322 2.97 0.03 5.51 0.03 6.82 0.08   17.2 0.1 117 1.6 ± 
6 RC13-189 90 25.4 1.06 0.0213 1.12 0.02 4.71 0.01 4.83 0.06   17.6 0.0 85 1.0 ± 
6 V30-40 5 1.5 0.18 0.0117 0.19 0.01 5.05 0.00 1.02 0.01   19.7 0.0 20 0.3 ± 
6 V30-40 10 5.1 0.17 0.0047 0.18 0.00 6.51 0.00 1.17 0.02   14.7 0.0 17 0.4 ± 
6 V30-40 20 7.5 0.17 0.0131 0.19 0.01 7.15 0.00 1.44 0.02   13.2 0.0 19 0.3 ± 
6 V30-40 31 11.0 0.23 0.0140 0.24 0.01 5.03 0.00 2.26 0.03   18.9 0.0 43 0.6 ± 
6 V30-40 35 12.3 0.27 0.0117 0.27 0.01 4.75 0.00 2.70 0.04   20.2 0.0 55 0.9 ± 
6 V30-40 40 12.9 0.31 0.0189 0.32 0.02 4.79 0.00 3.14 0.06   20.2 0.0 63 1.1 ± 
6 V30-40 46 14.0 0.38 0.0107 0.39 0.01 5.82 0.00 4.31 0.06   16.7 0.0 72 1.1 ± 
6 V30-40 52 15.8 0.25 0.0046 0.25 0.00 4.68 0.00 2.86 0.04   19.9 0.0 57 0.7 ± 
6 V30-40 62 18.6 0.15 0.0044 0.16 0.00 3.96 0.00 1.80 0.03   22.3 0.0 40 0.6 ± 
6 V30-40 72 20.7 0.20 0.0071 0.20 0.01 3.86 0.00 2.22 0.03   22.9 0.0 51 0.6 ± 
6 V30-40 82 22.5 0.16 0.0065 0.16 0.01 3.87 0.00 2.02 0.04   22.2 0.0 45 0.8 ± 
6 V30-40 94 25.0 0.59 0.0127 0.68 0.01 3.50 0.01 1.96 0.02   24.9 0.0 49 0.5 ± 
6 V22-182 3 0.9 0.11 0.0083 0.11 0.01 7.70 0.00 1.18 0.01   12.6 0.0 15 0.2 ± 
6 V22-182 13 3.8 0.13 0.0078 0.13 0.01 7.18 0.00 1.13 0.01   13.1 0.0 15 0.2 ± 
6 V22-182 24 7.4 0.13 0.0047 0.14 0.00 7.67 0.00 1.30 0.02   11.9 0.0 16 0.2 ± 
6 V22-182 33 9.2 0.18 0.0074 0.19 0.01 5.55 0.00 1.89 0.03   16.7 0.0 31 0.4 ± 
6 V22-182 38 11.0 0.20 0.0054 0.21 0.01 5.31 0.00 2.03 0.02   17.3 0.0 35 0.4 ± 
6 V22-182 42 12.2 0.21 0.0055 0.21 0.01 5.29 0.00 2.24 0.02   17.2 0.0 39 0.4 ± 
6 V22-182 46 13.4 0.23 0.0077 0.23 0.01 5.94 0.00 2.62 0.03   15.2 0.0 40 0.5 ± 
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6 V22-182 50 14.7 0.31 0.0054 0.31 0.01 6.28 0.00 3.49 0.04   14.5 0.0 51 0.6 ± 
6 V22-182 61 18.6 0.45 0.0164 0.49 0.02 4.28 0.01 1.80 0.02   20.3 0.0 37 0.4 ± 
6 V22-182 70 21.1 0.50 0.0070 0.55 0.01 4.28 0.01 1.91 0.02   19.9 0.0 38 0.5 ± 
6 V22-182 81 24.2 0.62 0.0116 0.73 0.01 4.54 0.01 1.75 0.03   18.2 0.0 32 0.6 ± 
6 V22-182 90 26.7 1.30 0.0219 1.51 0.02 4.28 0.01 1.57 0.02   19.8 0.1 31 0.3 ± 
1 , 2 EW9209-1JPC 1 3.3 0.67 0.0130  
 
6.40 0.12 5.63 0.11   18.8 0.4 106 3.1 2SE 
1 , 2 EW9209-1JPC 5 4.5 0.72 0.0140  
 
6.82 0.13 5.58 0.11   17.3 0.4 96 2.9 2SE 
1 , 2 EW9209-1JPC 10 5.9 0.66 0.0130  
 
7.18 0.13 5.11 0.10   15.9 0.3 81 2.2 2SE 
1 , 2 EW9209-1JPC 15 7.1 0.73 0.0150  
 
6.33 0.13 5.91 0.12   18.6 0.4 110 3.2 2SE 
1 , 2 EW9209-1JPC 20 10.3 0.89 0.0180  
 
5.73 0.14 7.54 0.15   21.2 0.6 160 5.5 2SE 
1 , 2 EW9209-1JPC 25 11.8 1.08 0.0220  
 
5.76 0.15 9.23 0.18   21.9 0.8 202 8.4 2SE 
1 , 2 EW9209-1JPC 28 12.6 1.12 0.0060  
 
5.95 0.07 9.32 0.05   20.9 0.3 195 3.0 2SE 
1 , 2 EW9209-1JPC 30 13.3 1.09 0.0220  
 
6.49 0.19 9.26 0.18   18.6 0.7 172 7.3 2SE 
1 , 2 EW9209-1JPC 33 15.0 1.29 0.0070  
 
6.89 0.08 11.00 0.06   17.7 0.2 195 2.4 2SE 
1 , 2 EW9209-1JPC 36 16.6 1.31 0.0070  
 
6.36 0.07 11.26 0.07   19.5 0.2 220 2.6 2SE 
1 , 2 EW9209-1JPC 40 18.2 1.30 0.0260  
 
6.61 0.20 11.24 0.23   18.3 0.7 206 8.9 2SE 
1 , 2 EW9209-1JPC 45 19.7 1.34 0.0270  
 
5.89 0.18 11.88 0.24   21.4 1.0 254 12.9 2SE 
1 , 2 EW9209-1JPC 50 20.5 1.17 0.0230  
 
6.59 0.19 10.53 0.21   17.5 0.7 184 8.2 2SE 
1 , 2 EW9209-3JPC 6 5.1 0.63 0.0130  
 
6.06 0.09 4.12 0.08   15.4 0.2 63 1.5 2SE 
1 , 2 EW9209-3JPC 16 8.3 0.68 0.0140  
 
6.28 0.11 4.53 0.09   14.5 0.3 66 1.9 2SE 
1 , 2 EW9209-3JPC 26 9.3 0.96 0.0190  
 
4.88 0.10 7.21 0.14   21.0 0.6 152 5.3 2SE 
1 , 2 EW9209-3JPC 36 10.1 1.02 0.0200  
 
4.72 0.10 8.41 0.17   22.8 0.7 192 7.0 2SE 
1 , 2 EW9209-3JPC 37 10.9 1.10 0.0030  
 
4.70 0.04 8.55 0.04   22.9 0.2 196 2.0 2SE 
1 , 2 EW9209-3JPC 38 11.4 1.07 0.0030  
 
4.70 0.04 8.59 0.05   22.8 0.2 196 2.0 2SE 
1 , 2 EW9209-3JPC 39 11.9 1.07 0.0030  
 
4.64 0.04 8.74 0.02   23.3 0.3 204 2.7 2SE 
1 , 2 EW9209-3JPC 41 12.6 1.10 0.0060  
 
4.92 0.05 8.79 0.05   21.4 0.2 188 2.0 2SE 
1 , 2 EW9209-3JPC 43 13.0 1.15 0.0060  
 
4.78 0.05 8.85 0.05   22.3 0.3 197 2.9 2SE 
1 , 2 EW9209-3JPC 46 14.1 0.79 0.0160  
 
5.11 0.10 6.35 0.13   18.4 0.4 117 3.4 2SE 
1 , 2 EW9209-3JPC 46 14.4 1.14 0.0030  
 
4.99 0.05 9.49 0.03   21.2 0.3 201 2.9 2SE 
1 , 2 EW9209-3JPC 53 15.1 1.20 0.0020  
 
5.25 0.04 10.27 0.03   20.2 0.2 207 2.1 2SE 
1 , 2 EW9209-3JPC 56 15.3 1.17 0.0230  
 
5.20 0.13 10.12 0.20   20.3 0.7 206 8.2 2SE 
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1 , 2 EW9209-3JPC 66 16.2 1.43 0.0290  
 
4.95 0.22 11.72 0.23   23.1 1.6 271 19.5 2SE 
1 , 2 EW9209-3JPC 66 16.2 1.43 0.0040  
 
4.91 0.03 11.95 0.05   23.6 0.2 282 2.7 2SE 
1 , 2 EW9209-3JPC 72 17.1 1.44 0.0080  
 
4.65 0.04 12.09 0.05   25.6 0.4 309 5.0 2SE 
1 , 2 EW9209-3JPC 76 17.6 1.22 0.0240  
 
5.06 0.16 10.05 0.20   20.6 0.9 207 9.9 2SE 
1 , 2 EW9209-3JPC 77 17.8 1.41 0.0110  
 
4.61 0.03 11.83 0.04   25.4 0.2 301 2.5 2SE 
1 , 2 EW9209-3JPC 86 18.7 1.00 0.0200  
 
4.93 0.13 8.13 0.16   19.6 0.7 159 6.5 2SE 
1 , 2 EW9209-3JPC 96 19.4 1.27 0.0250  
 
4.52 0.12 10.30 0.20   24.0 1.0 247 11.4 2SE 
1 , 2 EW9209-3JPC 106 22.1 1.44 0.0290  
 
4.24 0.13 11.22 0.23   27.2 1.4 305 16.9 2SE 
1 , 2 EW9209-3JPC 116 24.1 1.52 0.0300  
 
4.48 0.15 11.83 0.24   25.2 1.4 298 17.6 2SE 
7  V25-21  2 5.1 0.33 0.0031   18.82 0.30 2.03 0.03 19.47 0.33 5.1 0.1 10 0.3 ± 
7  V25-21  33 14.3 0.55 0.0036  
 
13.55 0.29 4.66 0.05 14.80 0.42 6.7 0.1 31 1.0 ± 
7  V25-21  36 17.2 0.39 0.0015  
 
13.82 0.26 3.22 0.02 15.72 0.36 6.3 0.1 20 0.5 ± 
7  V25-21  39 18.5 0.52 0.0017  
 
13.27 0.23 4.38 0.03 15.08 0.37 6.5 0.1 29 0.7 ± 
7  V25-21  42 21.7 0.54 0.0031  
 
12.91 0.41 4.73 0.04 15.03 0.57 6.6 0.2 31 1.2 ± 
7  V25-21  51 28.7 0.48 0.0027  
 
12.31 0.12 4.36 0.04 15.31 0.32 6.4 0.1 28 0.5 ± 
7  V25-21  59 33.0 0.55 0.0072  
 
10.80 0.19 4.72 0.09 13.83 0.40 7.1 0.1 34 1.2 ± 
8 GeoB1523-1 1 5.7 0.56 0.0028  
 
6.23 0.03 3.39 0.04 6.14 0.03 14.3 0.1 49 0.9 ± b 
8 GeoB1523-1 8 7.8 0.55 0.0495  
 
6.26 0.21 3.56 0.13 6.27 0.21 14.0 0.5 50 3.5 ± b 
8 GeoB1523-1 16 10.4 0.59 0.0448  
 
5.74 0.20 4.38 0.16 5.75 0.20 15.3 0.5 67 4.8 ± b 
8 GeoB1523-1 25 13.6 0.91 0.0400  
 
5.29 0.18 7.48 0.28 5.01 0.17 17.5 0.6 131 9.3 ± b 
8 GeoB1523-1 28 14.6 0.93 0.0326  
 
5.56 0.19 8.10 0.30 5.29 0.18 16.6 0.6 134 9.5 ± b 
8 GeoB1523-1 31 15.7 1.12 0.0515  
 
6.22 0.21 9.69 0.36 5.89 0.20 14.9 0.5 145 10.3 ± b 
8 GeoB1523-1 36 17.5 1.19 0.0405  
 
6.05 0.21 10.18 0.38 5.72 0.19 15.4 0.5 156 11.1 ± b 
8 GeoB1523-1 40 20.2 1.20 0.0060  
 
5.74 0.12 9.77 0.11 5.54 0.12 15.9 0.3 155 5.0 ± b 
8 GeoB1523-1 46 23.8 1.20 0.0312  
 
5.55 0.19 10.18 0.38 5.44 0.18 16.2 0.5 165 11.7 ± b 




    NaN NaN NaN NaN ± b 
8 GeoB1523-1 53 25.4 1.26 0.0340  
 
5.52 0.19 10.80 0.40 5.39 0.18 16.3 0.6 176 12.5 ± b 
8 GeoB1523-1 64 29.1 1.16 0.0452  
 
5.39 0.18 9.82 0.36 5.55 0.19 15.8 0.5 155 11.0 ± b 
8 GeoB1523-1 67 30.2 1.12 0.0381  
 
5.25 0.18 9.53 0.35 5.47 0.19 16.1 0.5 153 10.9 ± b 
8 GeoB1523-1 71 31.5 1.06 0.0392  
 
4.95 0.17 9.12 0.34 5.20 0.18 16.9 0.6 154 10.9 ± b 
8, 9, 10 GeoB1515-1 1 5.7 0.71 0.0043  
 
6.05 0.03 4.17 0.05 5.86 0.03 14.3 0.1 60 1.1 ± b 
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8, 9, 10 GeoB1515-1 8 7.8 0.64 0.0262  
 
6.98 0.24 4.01 0.15 6.99 0.24 12.0 0.4 48 3.4 ± b 
8, 9, 10 GeoB1515-1 17 10.6 0.88 0.0264   4.81 0.16 7.16 0.26 4.39 0.15 19.0 0.6 136 9.7 ± b 
8, 9, 10 GeoB1515-1 26 13.9 1.10 0.0297   5.25 0.18 9.61 0.36 4.71 0.16 17.8 0.6 171 12.1 ± b 
8, 9, 10 GeoB1515-1 30 15.4 1.25 0.0288   5.64 0.19 10.88 0.40 5.05 0.17 16.5 0.6 180 12.8 ± b 
8, 9, 10 GeoB1515-1 35 17.2 1.46 0.0599   6.04 0.21 12.68 0.47 5.36 0.18 15.6 0.5 197 14.0 ± b 
8, 9, 10 GeoB1515-1 45 19.4 1.41 0.0705   4.83 0.16 11.45 0.42 4.18 0.14 20.0 0.7 229 16.3 ± b 
8, 9, 10 GeoB1515-1 51 20.6 1.47 0.0118   4.85 0.08 11.37 0.09 4.24 0.07 19.7 0.3 224 5.4 ± b 
8, 9, 10 GeoB1515-1 61 22.7 1.47 0.0338   4.84 0.16 12.11 0.45 4.22 0.14 19.8 0.7 239 17.0 ± b 
8, 9, 10 GeoB1515-1 66 23.8      
 
    NaN NaN NaN NaN ± b 
8, 9, 10 GeoB1515-1 72 25.1 1.49 0.0387   4.70 0.16 11.78 0.44 4.17 0.14 20.0 0.7 236 16.8 ± b 
8, 9, 10 GeoB1515-1 86 28.3 1.30 0.0286   4.68 0.16 10.88 0.40 4.43 0.15 18.9 0.6 205 14.6 ± b 
8, 9, 10 GeoB1515-1 90 29.2 1.28 0.0346   4.61 0.16 10.84 0.40 4.38 0.15 19.1 0.6 207 14.7 ± b 
8, 9, 10 GeoB1515-1 95 30.3 1.26 0.0428   4.72 0.16 11.04 0.41 4.55 0.15 18.3 0.6 203 14.4 ± b 
11 GeoB16202-2 2 1.1 1.43 0.3600   2.18 0.024 2.13 0.019 1.99 0.157 30.2 2.4 64 5.1 2σ 
11 GeoB16202-2 86 7.8 2.34 0.5000   3.48 0.072 10.10 0.135 2.61 0.188 23.0 1.7 232 17.0 2σ 
11 GeoB16202-2 166 10.9 2.38 1.4000   3.60 0.036 11.40 0.563 2.65 0.250 22.7 2.1 257 27.3 2σ 
11 GeoB16202-2 208 12.0 2.55 0.3800   3.10 0.031 16.30 0.218 1.63 0.185 36.9 4.2 601 68.9 2σ 
11 GeoB16202-2 240 12.5 2.33 0.3800   3.26 0.033 17.90 0.236 1.69 0.188 35.4 3.9 634 70.9 2σ 
11 GeoB16202-2 280 13.3 2.41 1.0000   3.54 0.031 13.00 0.166 2.46 0.233 24.4 2.3 316 30.2 2σ 
11 GeoB16202-2 304 14.1 2.63 0.4200   3.49 0.038 12.70 0.147 2.40 0.194 25.0 2.0 316 25.9 2σ 
11 GeoB16202-2 322 14.6 2.42 0.4400   3.55 0.034 16.80 0.255 2.13 0.199 28.1 2.6 471 44.4 2σ 
11 GeoB16202-2 358 15.3 2.50 0.3600   3.05 0.029 17.20 0.296 1.51 0.196 39.7 5.1 682 89.2 2σ 
11 GeoB16202-2 400 16.1 2.25 0.3600   2.85 0.039 18.00 0.439 1.26 0.203 47.7 7.7 856 #### 2σ 
11 GeoB16202-2 450 16.6 2.07 0.4200   2.98 0.031 16.30 0.231 1.60 0.204 37.5 4.8 611 78.5 2σ 
11 GeoB16202-2 490 16.9 2.09 0.4200   3.09 0.046 17.00 0.245 1.67 0.210 36.0 4.5 610 77.2 2σ 
11 GeoB16202-2 490 16.9 2.04 0.3800  
 
3.29 0.034 19.00 0.296 1.73 0.206 34.7 4.1 658 78.9 2σ 
11 GeoB16202-2 520 17.2 2.10 0.4400  
 
2.91 0.034 18.30 0.293 1.34 0.211 44.9 7.1 822 #### 2σ 
11 GeoB16202-2 564 17.5 1.95 0.3400  
 
2.75 0.040 20.00 0.344 1.04 0.208 57.9 ### 1152 #### 2σ 
11 GeoB16202-2 584 17.7 2.00 0.5600  
 
3.15 0.040 18.10 0.999 1.67 0.235 36.0 5.1 648 97.9 2σ 
11 GeoB16202-2 611 17.9 1.88 0.6400  
 
2.61 0.023 17.80 0.210 1.08 0.232 55.6 ### 991 #### 2σ 
11 GeoB16202-2 641 18.2 1.81 0.4400  
 
2.66 0.044 20.00 0.324 0.93 0.190 64.3 ### 1281 #### 2σ 
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11 GeoB16202-2 667 18.5 1.66 0.9800  
 
2.62 0.021 16.00 0.237 1.31 0.282 45.9 9.9 732 #### 2σ 
11 GeoB16202-2 705 20.5 1.95 0.3800  
 
3.28 0.060 15.30 0.187 2.12 0.225 28.3 3.0 430 45.9 2σ 
11 GeoB16202-2 741 22.8 1.93 0.4800  
 
3.10 0.041 14.20 0.199 2.04 0.241 29.5 3.5 417 49.7 2σ 
11 GeoB16202-2 763 23.9 1.98 0.4600  
 
3.00 0.053 17.20 0.265 1.65 0.251 36.4 5.5 622 95.2 2σ 
12 GeoB16206-1 97 8.3 2.45 0.0001  
 
2.76 0.00 6.38 0.00 2.14 0.08 17.0 0.7 109 4.3 2SE 
12 GeoB16206-1 179 10.0 2.13 0.0001  
 
3.49 0.00 12.67 0.00 2.37 0.17 15.4 1.1 195 14.0 2SE 
12 GeoB16206-1 245 11.2 2.49 0.0001  
 
3.67 0.00 19.55 0.00 1.88 0.27 19.4 2.7 379 53.8 2SE 
12 GeoB16206-1 311 12.4 2.37 0.0002  
 
3.45 0.00 13.78 0.00 2.21 0.19 16.5 1.4 227 19.5 2SE 
12 GeoB16206-1 359 13.2 2.48 0.0001  
 
3.55 0.00 9.62 0.00 2.72 0.13 13.4 0.7 129 6.4 2SE 
12 GeoB16206-1 379 13.7 2.37 0.0002  
 
3.66 0.00 7.75 0.00 3.04 0.11 12.0 0.4 93 3.3 2SE 
12 GeoB16206-1 379 13.7 2.33 0.0001  
 
3.67 0.00 10.24 0.00 2.82 0.14 12.9 0.7 132 6.7 2SE 
12 GeoB16206-1 405 14.3 2.90 0.0002  
 
3.46 0.00 17.10 0.00 1.84 0.24 19.9 2.6 340 44.5 2SE 
12 GeoB16206-1 425 14.6 2.80 0.0002  
 
3.27 0.00 23.50 0.00 1.03 0.33 35.6 ### 836 #### 2SE 
12 GeoB16206-1 458 15.1 2.64 0.0002  
 
3.20 0.00 14.89 0.00 1.80 0.21 20.3 2.4 302 35.4 2SE 
12 GeoB16206-1 490 15.6 2.60 0.0002  
 
3.43 0.00 22.51 0.00 1.35 0.32 27.1 6.4 609 #### 2SE 
12 GeoB16206-1 520 16.1 2.61 0.0002  
 
3.22 0.00 23.70 0.00 0.99 0.34 36.9 ### 875 #### 2SE 
12 GeoB16206-1 560 16.8 2.73 0.0002  
 
3.12 0.00 17.99 0.00 1.41 0.26 25.9 4.8 467 86.2 2SE 
12 GeoB16206-1 600 17.5 2.43 0.0001  
 
3.20 0.00 17.89 0.00 1.57 0.26 23.3 3.9 417 69.4 2SE 
12 GeoB16206-1 668 19.4 1.74 0.0001  
 
2.61 0.00 10.49 0.00 1.74 0.16 21.0 1.9 220 19.7 2SE 
12 GeoB16206-1 688 21.9 1.82 0.0001  
 
3.29 0.00 7.87 0.00 2.81 0.12 13.0 0.6 102 4.4 2SE 
12 GeoB16206-1 714 24.5 2.13 0.0001  
 
3.39 0.00 15.86 0.00 2.13 0.25 17.1 2.0 271 31.6 2SE 
12 GeoB16206-1 724 25.1 1.90 0.0002  
 
2.68 0.00 17.44 0.00 1.17 0.28 31.2 7.3 544 #### 2SE 
12 GeoB16206-1 750 26.4 1.84 0.0001  
 
3.17 0.00 13.13 0.00 2.23 0.21 16.4 1.5 215 20.3 2SE 
12 GeoB16206-1 780 28.0 2.68 0.0003  
 
2.94 0.00 12.98 0.00 1.69 0.21 21.6 2.7 280 35.1 2SE 






3.40    23.3 2.6 79 8.8 2σ 






4.34    19.5 2.5 85 11.0 2σ 






3.72    21.6 2.4 80 8.8 2σ 






3.12    15.5 1.4 48 4.4 2σ 






3.36    18.0 2.0 61 6.6 2σ 






3.32    14.6 1.3 48 4.4 2σ 






3.09    14.6 1.4 45 4.4 2σ 
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3.10    15.6 1.4 48 4.4 2σ 






3.47    20.3 2.5 70 8.8 2σ 






2.16    26.5 3.1 57 6.6 2σ 






2.49    26.5 2.7 66 6.6 2σ 






3.38    31.9 3.9 108 13.2 2σ 






4.14    30.3 4.3 125 17.6 2σ 






4.59    29.7 4.3 136 19.8 2σ 






4.78    32.0 4.6 153 22.0 2σ 






6.18    27.4 4.3 169 26.4 2σ 






7.85    28.3 5.0 222 39.6 2σ 






7.96    29.7 5.5 237 44.0 2σ 






3.97    36.3 5.0 144 19.8 2σ 






8.14    33.8 6.8 275 55.0 2σ 






7.81    32.8 6.5 256 50.6 2σ 






7.60    35.6 7.2 271 55.0 2σ 






5.03    44.0 7.9 221 39.6 2σ 






3.01    34.4 4.4 103 13.2 2σ 






3.25    32.8 4.1 107 13.2 2σ 






3.10    34.4 4.3 107 13.2 2σ 






3.35    32.8 3.9 110 13.2 2σ 






3.75    32.0 4.1 120 15.4 2σ 






3.37    33.6 4.6 113 15.4 2σ 






3.05    32.8 4.3 100 13.2 2σ 






3.01    34.4 4.4 103 13.2 2σ 






3.19    27.6 3.5 88 11.0 2σ 






2.81    28.6 3.1 80 8.8 2σ 






3.29    26.1 3.3 86 11.0 2σ 






4.67    23.1 2.8 108 13.2 2σ 






4.86    22.4 3.2 109 15.4 2σ 






6.09    22.4 3.3 136 19.8 2σ 






6.29    19.4 2.8 122 17.6 2σ 
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6.65    19.2 2.6 128 17.6 2σ 






6.07    17.4 2.2 106 13.2 2σ 






6.31    19.0 2.4 120 15.4 2σ 






5.99    17.8 2.2 107 13.2 2σ 






5.98    17.1 2.2 102 13.2 2σ 






5.31    17.2 2.1 91 11.0 2σ 






5.79    16.9 2.3 98 13.2 2σ 






5.79    19.0 2.7 110 15.4 2σ 






6.03    17.7 2.2 107 13.2 2σ 






5.01    16.7 2.2 84 11.0 2σ 






7.01    16.8 2.2 118 15.4 2σ 






6.28    17.0 2.1 107 13.2 2σ 






5.31    17.2 2.1 91 11.0 2σ 






6.29    17.5 2.5 110 15.4 2σ 






5.95    17.2 2.2 102 13.2 2σ 






5.69    17.2 2.3 98 13.2 2σ 






5.37    17.4 2.0 94 11.0 2σ 






5.13    19.1 2.6 98 13.2 2σ 






4.75    19.9 2.8 95 13.2 2σ 










6 0.3 1.93 0.078  
 




16 1.1 2.08 0.084  
 




27 2.7 2.42 0.096  
 




34 3.1 2.01 0.080  
 




36 3.3 2.22 0.088  
 






36 3.4 1.97 0.078  
 




39 3.6 1.99 0.080  
 




41 3.7 1.96 0.078  
 




45 4.0 2.11 0.084  
 




47 4.2 2.53 0.102  
 




49 4.5 2.23 0.090  
 




54 5.0 2.17 0.086  
 




56 5.2 2.19 0.088  
 




65 5.9 2.28 0.092  
 




75 7.1 2.07 0.082  
 




85 7.9 2.21 0.088  
 




97 10.2 1.83 0.074  
 




98 10.3 1.79 0.072  
 




100 10.5 1.64 0.066  
 




102 10.7 1.63 0.066  
 






104 11.1 1.33 0.054  
 




106 11.5 1.12 0.044  
 




108 11.7 0.83 0.034  
 




111 12.3 1.28 0.052  
 




113 12.5 1.24 0.050  
 




115 12.7 0.85 0.034  
 




117 13.0 0.83 0.034  
 




119 13.4 0.90 0.036  
 




121 13.6 0.78 0.032  
 




123 14.0 0.66 0.026  
 




125 15.1 0.64 0.026  
 




127 16.3 0.59 0.024  
 




129 17.5 0.65 0.026  
 




131 18.7 0.53 0.022  
 




133 19.7 0.56 0.022  
 






135 20.4 0.53 0.022  
 




138 21.7 0.55 0.022  
 




140 22.2 0.57 0.022  
 




6 0.5 1.66 0.066  
 




15 1.4 1.84 0.074  
 




25 2.5 2.46 0.098  
 




35 3.3 2.24 0.090  
 




45 4.1 2.08 0.084  
 




54 4.8 2.37 0.094  
 




65 5.6 2.29 0.092  
 




114 12.7 0.74 0.030  
 
2.16 0.086 1.13 0.082   12.5 0.7 14 0.9 2σ 
15 OCE437-7-GC68 1 1.9 1.54 0.0057  
 
1.91 0.06 6.07 0.04 0.88 0.16 42.7 8.0 259 48.3 ± c 
15 OCE437-7-GC68 6 2.3 2.21 0.0944  
 
2.04 0.04 5.80 0.03 1.04 0.15 36.0 5.2 208 30.0 ± c 
15 OCE437-7-GC68 11 3.3 1.94 0.0076  
 
2.12 0.04 5.97 0.04 1.11 0.16 33.9 4.8 202 28.5 ± c 
15 OCE437-7-GC68 16 4.2 1.88 0.0771  
 
2.12 0.03 5.88 0.03 1.12 0.15 33.5 4.6 197 26.9 ± c 
15 OCE437-7-GC68 21 5.0 2.50 0.0121  
 
2.33 0.02 5.84 0.04 1.31 0.15 28.5 3.3 166 19.2 ± c 
15 OCE437-7-GC68 23 5.3 2.02 0.1181  
 
2.23 0.05 5.94 0.03 1.22 0.16 30.7 4.0 182 23.9 ± c 
15 OCE437-7-GC68 26 5.7 2.36 0.1038  
 
2.36 0.04 6.04 0.03 1.32 0.16 28.3 3.5 171 20.9 ± c 
15 OCE437-7-GC68 28 5.9 3.03 0.1597  
 
2.84 0.04 5.56 0.04 1.86 0.15 20.1 1.6 112 9.2 ± c 
15 OCE437-7-GC68 31 6.3 3.00 0.1311  
 
2.87 0.10 5.51 0.03 1.91 0.18 19.6 1.8 108 10.1 ± c 
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15 OCE437-7-GC68 36 7.0 2.69 0.9799  
 
2.63 0.25 4.41 0.24 1.86 0.30 20.2 3.3 89 15.3 ± c 
15 OCE437-7-GC68 41 7.7 3.10 0.0160  
 
2.72 0.08 4.31 0.03 1.93 0.14 19.1 1.4 82 6.0 ± c 
15 OCE437-7-GC68 46 8.0 2.62 0.1092  
 
2.73 0.04 4.38 0.02 1.97 0.12 18.7 1.2 82 5.2 ± c 
15 OCE437-7-GC68 51 8.3 2.98 0.0118  
 
2.66 0.02 4.74 0.02 1.80 0.13 20.2 1.4 96 6.9 ± c 
15 OCE437-7-GC68 56 8.7 2.63 0.1106  
 
2.70 0.02 4.58 0.02 1.91 0.12 19.1 1.2 87 5.7 ± c 
15 OCE437-7-GC68 61 9.0 2.97 0.0116  
 
2.46 0.02 5.38 0.04 1.47 0.15 24.8 2.5 133 13.3 ± c 
15 OCE437-7-GC68 66 9.6 2.39 0.0977  
 
2.48 0.03 5.97 0.03 1.45 0.16 25.1 2.9 150 17.1 ± c 
15 OCE437-7-GC68 71 10.4 2.50 0.0093  
 
2.31 0.04 5.88 0.03 1.26 0.17 28.9 3.8 170 22.3 ± c 
15 OCE437-7-GC68 76 11.2 2.08 0.0882  
 
2.30 0.01 5.52 0.03 1.37 0.15 26.2 2.9 145 16.0 ± c 
15 OCE437-7-GC68 81 12.0 2.38 0.0127  
 
1.92 0.03 5.49 0.03 0.90 0.15 39.7 6.8 218 37.2 ± c 
15 OCE437-7-GC68 86 12.2 2.04 0.0867  
 
1.63 0.03 5.91 0.03 0.55 0.17 64.4 ### 381 #### ± c 
15 OCE437-7-GC68 91 12.4 2.29 0.0087  
 
1.61 0.03 5.53 0.03 0.56 0.16 62.9 ### 348 96.5 ± c 
15 OCE437-7-GC68 96 12.6 1.90 0.0801  
 
1.61 0.02 5.58 0.03 0.60 0.16 58.4 ### 326 84.4 ± c 
15 OCE437-7-GC68 101 12.9 2.32 0.0065  
 
1.63 0.01 5.48 0.03 0.58 0.15 61.0 ### 334 88.1 ± c 
15 OCE437-7-GC68 106 13.1 1.84 0.0822  
 
1.47 0.04 5.31 0.04 0.50 0.15 69.6 ### 369 #### ± c 
15 OCE437-7-GC68 111 13.4 2.14 0.0055  
 
1.62 0.02 5.75 0.02 0.54 0.16 63.8 ### 367 #### ± c 
15 OCE437-7-GC68 116 13.6 1.90 0.0822  
 
1.74 0.04 6.02 0.03 0.67 0.17 52.0 ### 313 81.2 ± c 
15 OCE437-7-GC68 121 13.8 2.14 0.0065  
 
1.83 0.03 5.62 0.02 0.81 0.16 43.1 8.6 242 48.3 ± c 
15 OCE437-7-GC68 126 14.3 1.66 0.0692  
 
1.74 0.06 5.46 0.03 0.80 0.17 43.3 9.1 236 49.8 ± c 
15 OCE437-7-GC68 131 14.7 2.03 0.0073  
 
1.71 0.04 5.26 0.02 0.74 0.15 46.9 9.8 247 51.3 ± c 
15 OCE437-7-GC68 136 15.2 1.56 0.0643  
 
1.50 0.07 4.77 0.03 0.67 0.16 52.2 ### 249 59.8 ± c 
15 OCE437-7-GC68 141 15.7 1.70 0.0060  
 
1.35 0.02 4.28 0.02 0.55 0.12 62.4 ### 267 60.5 ± c 
15 OCE437-7-GC68 146 16.1 1.55 0.0733  
 
1.31 0.13 6.38 0.04 0.18 0.24 194.1 ### 1237 #### ± c 
15 OCE437-7-GC68 151 16.5 1.51 0.0057  
 
1.24 0.01 4.58 0.02 0.40 0.13 85.4 ### 391 #### ± c 
15 OCE437-7-GC68 156 16.8 1.31 0.0913  
 
1.32 0.05 4.49 0.02 0.55 0.14 62.6 ### 281 73.0 ± c 
15 OCE437-7-GC68 161 17.0 1.71 0.1075  
 
1.76 0.04 6.70 0.04 0.61 0.20 56.0 ### 375 #### ± c 
15 OCE437-7-GC68 166 17.3 1.56 0.0672  
 
1.53 0.03 4.78 0.03 0.68 0.14 49.9 ### 239 50.1 ± c 
15 OCE437-7-GC68 171 17.6 1.39 0.0755  
 
1.53 0.05 4.82 0.02 0.71 0.16 47.9 ### 231 50.1 ± c 
15 OCE437-7-GC68 181 18.4 1.86 0.0908  
 
1.85 0.11 4.90 0.03 0.99 0.19 34.7 6.8 170 33.6 ± c 
15 OCE437-7-GC68 191 19.3 1.82 0.0885  
 
1.77 0.06 4.68 0.03 0.93 0.16 36.7 6.2 172 29.1 ± c 
15 OCE437-7-GC68 201 20.1 1.70 0.0737  
 
1.58 0.06 4.45 0.03 0.76 0.15 44.7 8.9 199 39.7 ± c 
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16, 17 MD09-3257 0 0.3 1.33 0.0345  
 
2.98 0.17 4.41 0.08 2.45  25.6 2.1 113 9.3 2σ 
16, 17 MD09-3257 10 1.9 1.39 0.0177  
 
3.49 0.21 4.49 0.07 2.98  21.0 1.7 95 7.8 2σ 
16, 17 MD09-3257 80 10.7 2.11 0.1493  
 
3.76 0.07 9.68 0.14 2.74  22.9 2.3 222 22.4 2σ 
16, 17 MD09-3257 84 10.9 2.11 0.0462  
 
3.65 0.07 10.55 0.14 2.52  24.9 2.9 262 31.2 2σ 
16, 17 MD09-3257 92 11.3 2.42 0.0126  
 
2.95 0.01 11.47 0.02 1.59  39.4 7.8 452 89.1 2σ 
16, 17 MD09-3257 100 11.8 2.51 0.0135  
 
3.43 0.00 12.73 0.02 1.96  31.9 5.7 406 72.3 2σ 
16, 17 MD09-3257 108 12.2 2.04 0.0397  
 
3.04 0.05 11.64 0.15 1.73  36.3 6.9 422 80.2 2σ 
16, 17 MD09-3257 114 13.0 2.15 0.1467  
 
4.01 0.05 10.46 0.09 2.95  21.2 2.1 222 22.5 2σ 
16, 17 MD09-3257 114 13.0 2.16 0.0427  
 
3.99 0.07 10.40 0.15 2.94  21.3 2.2 222 22.9 2σ 
16, 17 MD09-3257 118 13.5 2.09 0.0104  
 
3.50 0.01 8.55 0.02 2.63  23.8 2.2 204 18.5 2σ 
16, 17 MD09-3257 120 13.8 2.17 0.0527  
 
3.55 0.06 8.64 0.09 2.66  23.5 2.2 203 19.2 2σ 
16, 17 MD09-3257 124 14.3 1.93 0.0101  
 
3.76 0.00 10.87 0.02 2.68  23.3 2.7 254 28.9 2σ 
16, 17 MD09-3257 124 14.3 1.94 0.0173  
 
3.80 0.01 11.15 0.02 2.68  23.3 2.7 260 30.4 2σ 
16, 17 MD09-3257 126 14.5 1.93 0.0412  
 
3.72 0.06 12.40 0.11 2.46  25.5 3.7 316 46.0 2σ 
16, 17 MD09-3257 132 15.0 1.89 0.0444  
 
3.84 0.06 13.61 0.17 2.46  25.4 4.1 346 55.5 2σ 
16, 17 MD09-3257 140 15.6 2.93 0.0764  
 
3.80 0.07 15.58 0.19 2.01  31.1 7.0 485 #### 2σ 
16, 17 MD09-3257 168 17.3 2.78 0.0621  
 
3.26 0.09 17.21 0.30 1.23  51.0 ### 877 #### 2σ 
16, 17 MD09-3257 176 17.8 2.74 0.0125  
 
3.73 0.01 18.14 0.02 1.67  37.4 ### 678 #### 2σ 
16, 17 MD09-3257 178 18.0 2.36 0.0383  
 
3.54 0.06 17.52 0.30 1.61  38.9 ### 681 #### 2σ 
16, 17 MD09-3257 182 18.2 2.45 0.0397  
 
3.71 0.07 16.70 0.29 1.89  33.2 8.8 554 #### 2σ 
16, 17 MD09-3257 184 18.3 2.30 0.0497  
 
3.95 0.08 14.78 0.19 2.44  25.7 4.7 379 69.4 2σ 
16, 17 MD09-3257 184 18.3 2.26 0.0371  
 
3.98 0.07 14.93 0.26 2.46  25.4 4.6 379 69.2 2σ 
16, 17 MD09-3257 186 18.5 1.93 0.0099  
 
4.03 0.01 10.49 0.02 3.12  20.1 2.0 211 20.8 2σ 
16, 17 MD09-3257 188 18.7 1.77 0.0404  
 
3.87 0.07 9.58 0.10 3.07  20.4 1.9 195 18.8 2σ 
16, 17 MD09-3257 188 18.7 1.75 0.0433  
 
3.81 0.07 9.45 0.14 3.02  20.7 2.0 196 19.1 2σ 
16, 17 MD09-3257 192 19.3 1.37 0.0366  
 
3.70 0.07 9.57 0.13 2.98  21.0 2.1 201 20.3 2σ 
16, 17 MD09-3257 196 19.9 1.38 0.0279  
 
3.92 0.08 9.75 0.13 3.23  19.4 1.8 189 18.0 2σ 
16, 17 MD09-3257 200 20.6 1.33 0.0117  
 
3.90 0.24 9.16 0.24 3.31  18.9 2.3 173 21.5 2σ 
16, 17 MD09-3257 210 22.1 1.54 0.0463  
 
2.79 0.15 8.28 0.31 2.04  30.7 4.8 254 41.0 2σ 
16, 17 MD09-3257 213 22.6 1.47 0.0229  
 
3.78 0.82 9.37 1.20 3.15  19.8 6.7 186 66.9 2σ 
16, 17 MD09-3257 215 22.9 1.49 0.0195  
 
3.86 0.33 10.56 0.50 3.11  20.1 3.4 212 37.5 2σ 
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16, 17 MD09-3257 218 23.2 1.62 0.0198  
 
3.76 0.30 10.73 0.37 2.94  21.3 3.6 228 39.4 2σ 
16, 17 MD09-3257 220 23.3 1.68 0.0667  
 
3.63 0.33 11.15 0.72 2.72  23.0 4.6 256 54.3 2σ 
16, 17 MD09-3257 220 23.3 1.68 0.0762  
 
3.61 0.18 11.28 0.30 2.69  23.3 3.6 263 41.7 2σ 
16, 17 MD09-3257 225 23.6 1.68 0.0266  
 
3.28 0.17 12.80 0.47 2.10  29.8 6.5 381 84.5 2σ 
16, 17 MD09-3257 227 23.8 1.91 0.0304  
 
3.54 0.16 14.02 0.48 2.22  28.2 6.2 395 87.5 2σ 
16, 17 MD09-3257 245 25.6 2.19 0.0721  
 
4.43 0.30 11.96 0.46 3.53  17.7 2.7 212 33.4 2σ 
16, 17 MD09-3257 245 25.6 2.18 0.1094  
 
4.43 0.37 12.08 0.53 3.52  17.8 3.1 215 38.6 2σ 
16, 17 MD09-3257 247 26.1 2.06 0.0308  
 
4.02 0.27 12.82 0.54 2.97  21.1 3.8 270 50.1 2σ 
16, 17 MD09-3257 250 26.7 1.68 0.0515  
 
3.95 0.30 10.27 0.40 3.31  18.9 2.9 194 30.7 2σ 
16, 17 MD09-3257 250 26.7 1.69 0.0239  
 
3.96 0.31 10.24 0.36 3.32  18.8 2.9 193 30.6 2σ 
16, 17 MD09-3257 252 27.0 1.48 0.0193  
 
3.66 0.25 8.77 0.28 3.18  19.7 2.7 172 24.0 2σ 
16, 17 MD09-3257 255 27.5 1.47 0.0197  
 
3.39 0.22 9.73 0.33 2.74  22.8 3.5 222 35.3 2σ 
16, 17 MD09-3257 257 27.8 1.48 0.0166  
 
3.38 0.30 10.40 0.49 2.65  23.6 4.6 245 49.3 2σ 
16, 17 MD09-3257 257 27.8 1.47 0.0153  
 
3.36 0.25 10.43 0.32 2.63  23.8 4.3 248 45.2 2σ 
16, 17 MD09-3257 260 28.3 1.55 0.0156  
 
3.60 0.38 12.72 0.76 2.66  23.6 5.7 300 74.7 2σ 
16, 17 MD09-3257 264 28.7 1.57 0.0256  
 
3.46 0.07 12.18 0.25 2.54  24.6 4.0 300 49.2 2σ 
16, 17 MD09-3257 268 29.1 1.98 0.0064  
 
3.32 0.01 10.99 0.02 2.36  26.5 4.1 292 44.9 2σ 
16, 17 MD09-3257 270 29.3 2.33 0.0106  
 
4.00 0.00 12.53 0.02 2.96  21.1 3.0 265 37.1 2σ 
16, 17 MD09-3257 270 29.3 2.32 0.0223  
 
4.02 0.01 12.66 0.02 2.97  21.1 3.0 267 37.7 2σ 
16, 17 MD09-3257 272 29.6 2.19 0.0146  
 
4.03 0.00 14.42 0.02 2.83  22.1 3.7 319 54.0 2σ 
16, 17 MD09-3257 274 29.8 2.19 0.0108  
 
3.95 0.01 16.05 0.02 2.53  24.7 5.2 397 83.9 2σ 
16, 17 MD09-3257 276 30.0 2.17 0.0075  
 
3.80 0.01 17.32 0.02 2.20  28.5 7.5 493 #### 2σ 
16, 17 MD09-3257 282 30.6 2.59 0.0099  
 
3.89 0.00 15.28 0.02 2.41  26.0 5.5 397 84.5 2σ 
16, 17 MD09-3257 283 30.7 2.73 0.0100  
 
3.80 0.01 14.79 0.02 2.30  27.2 5.9 402 86.8 2σ 
16, 17 MD09-3257 286 31.1 2.36 0.0128  
 
3.61 0.01 11.03 0.02 2.63  23.8 3.4 262 37.2 2σ 
16, 17 MD09-3257 288 31.4 2.15 0.0081  
 
3.59 0.01 9.82 0.02 2.83  22.1 2.6 218 25.6 2σ 
16, 17 MD09-3257 292 31.8 1.73 0.0093  
 
3.22 0.01 8.85 0.02 2.61  24.0 2.8 212 24.5 2σ 
16, 17 MD09-3257 294 32.0 1.53 0.0060  
 
3.04 0.01 8.52 0.02 2.49  25.1 2.9 214 25.0 2σ 
16, 17 MD09-3257 296 32.2 1.48 0.0124  
 
2.84 0.01 9.26 0.02 2.16  28.9 4.2 268 39.3 2σ 
16, 17 MD09-3257 298 32.4 1.38 0.0064  
 
3.05 0.01 9.44 0.02 2.46  25.4 3.3 240 31.6 2σ 
16, 17 MD09-3257 300 32.6 1.32 0.0126  
 
3.12 0.00 10.50 0.02 2.46  25.4 3.7 267 39.1 2σ 
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16, 17 MD09-3257 301 32.7 1.32 0.0059  
 
3.14 0.01 11.13 0.02 2.41  26.0 4.0 289 44.2 2σ 
16, 17 MD09-3257 302 32.8 1.42 0.0107  
 
3.15 0.01 11.37 0.02 2.37  26.4 4.4 300 49.6 2σ 
16, 17 MD09-3257 303 32.9 1.39 0.0108  
 
3.02 0.01 11.54 0.02 2.18  28.7 5.0 331 57.9 2σ 
16, 17 MD09-3257 303 32.9 1.41 0.0109  
 
3.03 0.01 11.93 0.02 2.13  29.3 5.4 350 64.7 2σ 
16, 17 MD09-3257 304 33.0 1.51 0.0083  
 
3.07 0.01 11.81 0.02 2.17  28.8 5.4 340 63.7 2σ 
16, 17 MD09-3257 306 33.2 1.44 0.0089  
 
2.98 0.01 11.17 0.02 2.17  28.9 5.2 323 57.6 2σ 
16, 17 MD09-3257 307 33.3 1.47 0.0092  
 
3.01 0.01 11.01 0.02 2.21  28.3 4.9 312 53.8 2σ 
16, 17 MD09-3257 309 33.5 1.25 0.0157  
 
2.67 0.01 8.23 0.02 2.17  28.8 3.8 237 31.2 2σ 
16, 17 MD09-3257 310 33.6 1.56 0.0077  
 
2.94 0.00 9.03 0.02 2.32  27.0 3.7 244 33.0 2σ 
16, 17 MD09-3257 311 33.7 1.98 0.0083  
 
3.25 0.00 11.04 0.02 2.34  26.8 4.4 296 48.6 2σ 
16, 17 MD09-3257 311 33.7 1.97 0.0173  
 
3.27 0.01 11.15 0.02 2.36  26.5 4.4 296 48.8 2σ 
16, 17 MD09-3257 312 33.8 2.01 0.0100  
 
3.31 0.01 11.87 0.02 2.31  27.1 4.9 322 57.6 2σ 
16, 17 MD09-3257 313 33.9 1.52 0.0192  
 
3.06 0.24 10.36 0.52 2.34  26.8 5.7 277 60.3 2σ 
16, 17 MD09-3257 315 34.1 1.53 0.0194  
 
3.05 0.19 9.30 0.23 2.45  25.5 4.4 237 40.9 2σ 
16, 17 MD09-3257 317 34.4 1.40 0.0197  
 
2.86 0.19 8.52 0.33 2.34  26.7 4.6 228 40.0 2σ 
16, 17 MD09-3257 320 34.8 1.46 0.0148  
 
2.91 0.17 9.41 0.34 2.28  27.4 4.9 258 47.4 2σ 
16, 17 MD09-3257 323 35.2 1.38 0.0105  
 
2.93 0.21 10.07 0.50 2.28  27.4 5.6 276 58.4 2σ 
16, 17 MD09-3257 325 35.4 1.55 0.0183  
 
3.38 0.24 12.12 0.62 2.60  24.1 5.2 292 64.3 2σ 
16, 17 MD09-3257 327 35.7 1.52 0.0285  
 
3.24 0.18 11.89 0.34 2.45  25.5 5.1 304 61.7 2σ 
16, 17 MD09-3257 330 36.1 1.37 0.0155  
 
2.95 0.21 9.96 0.47 2.35  26.7 5.3 266 54.7 2σ 
16, 17 MD09-3257 333 36.5 1.53 0.0191  
 
2.74 0.12 7.23 0.16 2.30  27.2 3.7 197 26.8 2σ 
16, 17 MD09-3257 335 36.8 1.89 0.0214  
 
3.02 0.18 7.62 0.22 2.49  25.2 3.8 192 29.2 2σ 
16, 17 MD09-3257 338 37.2 1.63 0.0249  
 
2.66 0.13 7.29 0.17 2.14  29.3 4.4 213 32.1 2σ 
16, 17 MD09-3257 338 37.2 1.59 0.0185  
 
2.64 0.19 7.16 0.25 2.16  29.0 5.0 208 36.5 2σ 
16, 17 MD09-3257 340 37.4 1.73 0.0224  
 
2.94 0.18 9.12 0.28 2.29  27.3 5.0 249 46.7 2σ 
16, 17 MD09-3257 341 37.6 2.99 0.0908  
 
2.91 0.20 9.35 0.34 1.63  38.3 ### 358 98.2 2σ 
16, 17 MD09-3257 342 37.7 1.90 0.0204  
 
3.08 0.21 10.78 0.45 2.21  28.3 6.3 305 69.6 2σ 
16, 17 MD09-3257 343 37.8 1.74 0.0377  
 
2.98 0.17 11.19 0.48 2.10  29.7 6.9 333 78.0 2σ 
16, 17 MD09-3257 345 38.0 1.74 0.0205  
 
3.13 0.19 11.59 0.53 2.28  27.4 6.2 318 72.9 2σ 
16, 17 MD09-3257 347 38.2 2.13 0.0729  
 
3.45 0.22 13.03 0.55 2.38  26.3 6.4 343 85.3 2σ 
16, 17 MD09-3257 347 38.2 2.07 0.0529  
 
3.39 0.19 12.67 0.53 2.37  26.4 6.1 335 78.8 2σ 
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16, 17 MD09-3257 350 38.4 2.02 0.0359  
 
3.48 0.25 16.60 1.03 2.07  30.2 ### 501 #### 2σ 
16, 17 MD09-3257 350 38.4 2.02 0.0221  
 
3.52 0.20 16.51 0.61 2.13  29.4 9.4 485 #### 2σ 
16, 17 MD09-3257 352 38.6 2.09 0.0459  
 
3.16 0.19 15.95 0.90 1.65  37.9 ### 604 #### 2σ 
16, 17 MD09-3257 354 38.7 2.32 0.0594  
 
3.43 0.21 16.18 0.84 1.91  32.9 ### 532 #### 2σ 
16, 17 MD09-3257 354 38.7 2.29 0.0396  
 
3.42 0.21 15.72 0.84 1.96  31.9 ### 502 #### 2σ 
16, 17 MD09-3257 360 39.2 3.00 0.0633  
 
2.96 0.07 15.91 0.24 0.93  67.4 ### 1072 #### 2σ 
16, 17 MD09-3257 370 39.9 2.01 0.0985  
 
2.94 0.15 16.33 0.74 1.35  46.3 ### 755 #### 2σ 
16, 17 MD09-3257 370 39.9 1.86 0.0414  
 
2.86 0.07 15.67 0.33 1.36  46.0 ### 721 #### 2σ 
16, 17 MD09-3257 372 40.2 2.42 0.1114  
 
3.04 0.21 11.27 0.52 1.88  33.3 9.4 375 #### 2σ 
16, 17 MD09-3257 374 40.5 1.43 0.0215  
 
2.82 0.11 9.02 0.22 2.32  27.0 4.4 244 39.9 2σ 
16, 17 MD09-3257 376 40.8 1.76 0.0553  
 
2.77 0.16 7.91 0.21 2.21  28.3 4.9 224 39.0 2σ 
16, 17 MD09-3257 378 41.0 1.32 0.0110  
 
2.79 0.15 7.67 0.19 2.50  25.1 3.7 192 28.5 2σ 
16, 17 MD09-3257 380 41.3 1.18 0.0095  
 
2.48 0.15 7.32 0.27 2.16  29.0 4.8 212 35.7 2σ 
16, 17 MD09-3257 382 41.6 1.31 0.0173  
 
2.58 0.12 8.98 0.27 2.07  30.3 5.7 272 51.5 2σ 
16, 17 MD09-3257 382 41.6 1.29 0.0338  
 
2.53 0.05 9.60 0.11 1.93  32.4 6.3 311 60.3 2σ 
16, 17 MD09-3257 385 42.1 1.41 0.0120  
 
2.76 0.15 10.49 0.45 2.10  29.8 6.6 312 70.5 2σ 
16, 17 MD09-3257 387 42.3 1.59 0.0248  
 
3.24 0.24 12.39 0.58 2.50  25.0 6.0 310 76.0 2σ 
16, 17 MD09-3257 390 42.8 1.47 0.0129  
 
3.19 0.28 10.99 0.34 2.67  23.4 5.2 258 57.8 2σ 
10 GeoB9508‐5 19 2.0 3.16 0.0320 3.25 0.03 4.70 0.09 8.64 0.26 3.25 0.44 19.6 2.7 170 23.7 2σ 
10 GeoB9508‐5 44 4.3 3.57 0.0360 3.82 0.04 5.65 0.09 8.38 0.25 4.29 0.44 14.8 1.5 124 13.2 2σ 
10 GeoB9508‐5 62 6.0 2.67 0.0270 2.87 0.03 5.71 0.17 7.69 0.23 4.56 0.44 14.0 1.3 107 10.8 2σ 
10 GeoB9508‐5 99 10.0 2.87 0.0290 3.10 0.03 4.35 0.07 6.91 0.28 3.28 0.38 19.4 2.3 134 16.6 2σ 
10 GeoB9508‐5 112 11.0 2.72 0.0270 2.94 0.03 3.79 0.07 6.46 0.26 2.78 0.36 22.9 3.0 148 20.2 2σ 
10 GeoB9508‐5 129 12.0 3.40 0.0340 3.63 0.04 3.29 0.08 5.95 0.24 2.22 0.34 28.7 4.4 171 27.1 2σ 
10 GeoB9508‐5 136 12.2 3.67 0.0370 3.97 0.04 3.41 0.08 6.15 0.25 2.28 0.35 27.9 4.3 171 27.4 2σ 
10 GeoB9508‐5 164 13.1 2.93 0.0290 3.20 0.03 3.84 0.08 9.37 0.28 2.33 0.53 27.3 6.2 256 58.6 2σ 
10 GeoB9508‐5 194 15.0 2.78 0.0280 2.99 0.03 3.36 0.08 6.23 0.25 2.34 0.37 27.2 4.3 169 27.4 2σ 
10 GeoB9508‐5 241 16.1 2.02 0.0200 2.04 0.02 2.36 0.08 7.22 0.29 1.16 0.43 54.9 ### 397 #### 2σ 
10 GeoB9508‐5 256 16.8 2.28 0.0230 2.21 0.02 2.38 0.10 7.95 0.24 1.02 0.48 62.6 ### 498 #### 2σ 
10 GeoB9508‐5 260 17.0 2.02 0.0200 2.01 0.02 2.22 0.09 6.92 0.28 1.05 0.42 60.5 ### 419 #### 2σ 
10 GeoB9508‐5 270 17.5 2.01 0.0200 1.82 0.02 2.29 0.10 7.05 0.28 1.11 0.43 57.5 ### 405 #### 2σ 
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10 GeoB9508‐5 280 18.0 1.93 0.0190 1.95 0.02 2.44 0.11 7.27 0.29 1.27 0.45 50.2 ### 365 #### 2σ 
10 GeoB9508‐5 301 19.0 2.78 0.0280 2.98 0.03 4.26 0.12 6.84 0.23 3.32 0.43 19.1 2.5 131 17.6 2σ 
10 GeoB9508‐5 314 19.9 2.90 0.0290 3.11 0.03 4.59 0.12 6.36 0.25 3.78 0.41 16.8 1.8 107 12.3 2σ 
10 GeoB9508‐5 335 22.0 2.83 0.0280 3.04 0.03 4.07 0.13 7.60 0.23 3.00 0.49 21.2 3.5 161 26.9 2σ 
10 GeoB9508‐5 358 23.9 1.81 0.0180 1.77 0.02 2.18 0.13 9.41 0.28 0.65 0.61 97.2 ### 915 #### 2σ 
10 GeoB9508‐5 373 24.9 1.76 0.0180 1.43 0.01 2.23 0.14 9.52 0.29 0.71 0.63 89.2 ### 850 #### 2σ 
10 GeoB9508‐5 381 25.5 2.35 0.0240 2.43 0.02 3.32 0.16 8.97 0.27 2.01 0.61 31.7 9.5 284 86.0 2σ 
10 GeoB9508‐5 388 26.0 2.99 0.0300 3.22 0.03 3.96 0.16 8.04 0.24 2.78 0.55 22.9 4.5 184 37.0 2σ 
10 GeoB9508‐5 404 27.0 2.59 0.0260 2.75 0.03 3.78 0.15 8.10 0.24 2.68 0.56 23.8 5.0 193 40.7 2σ 






2.00 0.218   3.3 1.6 7 3.4 2σ d 






2.05 0.214   3.1 1.6 6 3.3 2σ d 






1.84 0.199   2.7 1.4 5 2.6 2σ d 






1.92 0.202   2.9 1.5 6 2.8 2σ d 






1.83 0.197   2.4 1.2 4 2.3 2σ d 






1.83 0.195   3.3 1.7 6 3.1 2σ d 






1.94 0.215   5.3 2.6 10 5.3 2σ d 






2.03 0.219   3.0 1.9 6 4.0 2σ d 






2.27 0.238   3.0 1.5 7 3.5 2σ d 






2.32 0.243   2.7 1.4 6 3.2 2σ d 






2.55 0.270   4.4 2.2 11 5.8 2σ d 






2.59 0.252   3.8 1.9 10 5.0 2σ d 






2.63 0.281   5.1 2.5 13 6.8 2σ d 






2.60 0.277   3.6 1.8 9 4.8 2σ d 






2.77 0.285   3.2 1.6 9 4.5 2σ d 






2.84 0.298   3.2 1.6 9 4.6 2σ d 






2.79 0.305   5.5 3.5 15 9.9 2σ d 






2.70 0.292   3.2 1.6 9 4.4 2σ d 






2.48 0.273   2.9 1.5 7 3.7 2σ d 






2.96 0.322   3.0 1.5 9 4.5 2σ d 






3.28 0.354   1.6 0.8 5 2.6 2σ d 






3.14 0.336   3.4 2.1 11 6.8 2σ d 
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2.97 0.308   3.1 1.6 9 4.8 2σ d 






3.00 0.298   2.6 1.7 8 5.1 2σ d 






2.83 0.289   2.2 1.1 6 3.2 2σ d 






2.72 0.268   3.6 1.8 10 5.0 2σ d 






2.61 0.253   3.4 1.7 9 4.6 2σ d 






2.62 0.263   3.1 1.6 8 4.1 2σ d 






2.45 0.239   2.6 1.3 6 3.3 2σ d 






2.38 0.229   2.6 1.3 6 3.1 2σ d 






2.09 0.203   3.2 1.6 7 3.4 2σ d 






2.19 0.211   2.0 1.0 4 2.2 2σ d 






2.13 0.210   2.2 1.1 5 2.5 2σ d 






2.33 0.226   1.8 0.9 4 2.2 2σ d 






2.38 0.237   1.6 0.8 4 2.0 2σ d 






2.45 0.250   3.0 1.5 7 3.7 2σ d 






2.53 0.245   2.5 1.3 6 3.3 2σ d 






2.29 0.241   2.3 1.1 5 2.7 2σ d 






2.26 0.218   3.5 1.7 8 4.0 2σ d 






2.53 0.263   2.3 1.2 6 3.0 2σ d 






2.62 0.284   2.7 1.4 7 3.7 2σ d 






3.30 0.322   2.6 1.3 9 4.4 2σ d 






1.94 0.188   4.1 1.7 8 3.4 
 2σ 
d 






1.97 0.208   5.4 2.7 11 5.5 
 2σ 
d 






2.01 0.213   4.3 2.2 9 4.4 
 2σ 
d 






0.79 0.076   11.4 5.7 9 4.6 
 2σ 
d 

















1.26 0.132   3.5 1.6 4 2.0 
 2σ 
d 






1.25 0.128   4.2 2.1 5 2.7 
 2σ 
d 






1.32 0.149   4.5 1.9 6 2.5 
 2σ 
d 






1.54 0.167   4.0 1.7 6 2.6 
 2σ 
d 






1.65 0.178   6.7 3.3 11 5.6 
 2σ 
d 






1.68 0.185   3.6 1.5 6 2.6 
 2σ 
d 






1.86 0.188   7.2 3.0 13 5.7 
 2σ 
d 






2.06 0.218   6.1 2.6 13 5.4 
 2σ 
d 






2.21 0.216   6.6 3.3 15 7.5 
 2σ 
d 






2.52 0.245   2.8 1.4 7 3.6 
 2σ 
d 






2.42 0.237   4.1 1.8 10 4.5 
 2σ 
d 






2.25 0.222   6.6 3.3 15 7.5 
 2σ 
d 






2.21 0.220   4.2 1.9 9 4.3 
 2σ 
d 






2.70 0.262   5.4 2.7 15 7.4 
 2σ 
d 

















2.94 0.279   3.5 1.7 10 5.2 
 2σ 
d 






2.88 0.278   2.9 1.2 8 3.6 
 2σ 
d 






2.98 0.280   4.1 2.1 12 6.3 
 2σ 
d 






2.73 0.283   3.6 1.8 10 5.0 
 2σ 
d 






2.35 0.230   3.4 1.4 8 3.4 
 2σ 
d 






1.52 0.154   7.1 3.6 11 5.6 
 2σ 
d 






2.63 0.248   2.4 1.0 6 2.6 
 2σ 
d 






2.90 0.293   3.8 1.9 11 5.7 
 2σ 
d 






3.07 0.292   3.3 1.7 10 5.2 
 2σ 
d 






2.66 0.289   3.6 1.8 10 4.9 
 2σ 
d 






2.70 0.261   5.5 2.8 15 7.6 
 2σ 
d 






2.64 0.251   3.4 1.7 9 4.5 
 2σ 
d 






2.45 0.251   3.3 1.7 8 4.2 
 2σ 
d 






2.35 0.221   4.6 1.9 11 4.6 
 2σ 
d 

















1.89 0.191   4.6 2.0 9 3.9 
 2σ 
d 






1.77 0.170   3.6 1.5 6 2.7 
 2σ 
d 






1.20 0.114   12.4 6.2 15 7.6 
 2σ 
d 






1.61 0.163   10.3 6.6 17 10.7 
 2σ 
d 






1.85 0.193   6.8 3.4 13 6.5 
 2σ 
d 






1.79 0.186   5.2 2.6 9 4.8 
 2σ 
d 






1.74 0.170   6.4 3.2 11 5.7 
 2σ 
d 






1.85 0.183   5.2 2.3 10 4.4 
 2σ 
d 






1.90 0.193   4.9 2.5 9 4.8 
 2σ 
d 






2.34 0.238   4.1 1.7 10 4.1 
 2σ 
d 






2.32 0.228   5.3 2.6 12 6.2 
 2σ 
d 






2.05 0.202   5.9 2.9 12 6.1 
 2σ 
d 






2.08 0.190   5.2 2.6 11 5.5 
 2σ 
d 






1.96 0.199   6.1 2.5 12 5.1 
 2σ 
d 

















1.80 0.185   5.8 2.9 10 5.3 
 2σ 
d 






2.14 0.207   5.4 2.7 12 5.9 
 2σ 
d 






2.24 0.224   5.4 2.7 12 6.2 
 2σ 
d 






2.02 0.209   3.4 1.4 7 2.9 
 2σ 
d 






1.61 0.163   7.3 3.7 12 6.1 
 2σ 
d 






1.43 0.149   3.9 1.6 6 2.4 
 2σ 
d 






1.39 0.144   5.5 2.7 8 3.9 
 2σ 
d 






1.55 0.160   6.1 3.1 9 4.8 
 2σ 
d 






1.77 0.179   2.6 1.1 5 2.0 
 2σ 
d 






1.92 0.188   3.6 1.8 7 3.5 
 2σ 
d 






2.14 0.203   4.9 2.5 11 5.4 
 2σ 
d 






1.93 0.192   5.8 2.9 11 5.8 
 2σ 
d 






1.98 0.202   2.2 1.1 4 2.2 
 2σ 
d 






2.33 0.227   4.6 2.3 11 5.4 
 2σ 
d 

















2.83 0.267   3.5 1.8 10 5.1 
 2σ 
d 






3.01 0.297   2.9 1.2 9 3.8 
 2σ 
d 






3.09 0.290   2.7 1.7 8 5.4 
 2σ 
d 






2.97 0.292   3.0 1.5 9 4.5 
 2σ 
d 






3.33 0.320   2.7 1.4 9 4.6 
 2σ 
d 






2.89 0.293   2.4 1.0 7 3.0 
 2σ 
d 






3.16 0.301   2.1 0.9 7 2.9 
 2σ 
d 






2.89 0.293   2.3 1.1 6 3.3 
 2σ 
d 






2.98 0.290   3.1 2.0 9 5.9 
 2σ 
d 






2.61 0.273   3.5 1.5 9 4.0 
 2σ 
d 
15 OC437-07-GC27 1 0.5 1.39 0.0842  
 
2.63 0.14 7.41 0.04 1.37 0.23 24.7 4.1 183 30.7 ± c 
15 OC437-07-GC27 11 2.3 2.08 0.1173  
 
2.32 0.05 6.80 0.04 1.16 0.18 29.0 4.4 197 30.3 ± c 
15 OC437-07-GC27 21 4.4 1.93 0.1062  
 
2.32 0.15 6.92 0.05 1.14 0.23 29.5 6.0 204 41.7 ± c 
15 OC437-07-GC27 31 6.3 1.50 0.0778  
 
2.31 0.06 6.54 0.04 1.24 0.18 27.2 3.9 178 25.9 ± c 
15 OC437-07-GC27 41 7.9 1.89 0.1097  
 
2.24 0.06 6.67 0.06 1.11 0.19 29.8 5.0 199 33.7 ± c 
15 OC437-07-GC27 51 9.6 2.77 0.1834  
 
2.28 0.08 6.78 0.03 1.05 0.20 31.6 6.1 214 41.6 ± c 
15 OC437-07-GC27 61 11.3 2.66 0.1383  
 
2.28 0.08 6.80 0.05 1.05 0.21 31.2 6.1 212 41.7 ± c 
15 OC437-07-GC27 71 12.6 2.02 0.0938  
 
1.98 0.09 5.79 0.03 0.97 0.19 33.0 6.4 191 37.1 ± c 
15 OC437-07-GC27 81 14.1 1.57 0.0690  
 
1.94 0.09 5.62 0.03 1.02 0.19 30.9 5.8 174 32.5 ± c 
15 OC437-07-GC27 91 16.8 1.95 0.0905  
 
2.31 0.07 5.05 0.03 1.48 0.17 21.0 2.4 106 11.9 ± c 
15 OC437-07-GC27 101 18.0 2.07 0.3013  
 
2.45 0.12 4.11 0.02 1.78 0.20 17.1 1.9 70 7.7 ± c 
 
 299 
15 OC437-07-GC27 111 19.0 2.63 0.1104  
 
2.52 0.05 4.63 0.03 1.66 0.15 18.4 1.7 85 7.8 ± c 
15 OC437-07-GC27 121 20.1 2.09 0.1323  
 
2.25 0.11 4.74 0.03 1.43 0.20 21.3 3.0 101 14.0 ± c 
15 OC437-07-GC37 6 1.5 0.94 0.0429  
 
4.80 0.05 5.51 0.03 3.91 0.14 19.0 0.7 105 3.9 ± c 
15 OC437-07-GC37 16 4.2 1.30 0.0567  
 
5.11 0.03 5.63 0.03 4.30 0.15 17.3 0.6 97 3.4 ± c 
15 OC437-07-GC37 26 6.2 1.55 0.0709  
 
5.03 0.04 5.07 0.03 4.37 0.14 17.0 0.5 86 2.8 ± c 
15 OC437-07-GC37 36 8.2 1.79 0.0730  
 
4.71 0.05 4.44 0.02 4.17 0.13 17.7 0.6 79 2.5 ± c 
15 OC437-07-GC37 46 10.4 2.71 0.1193  
 
4.05 0.03 4.15 0.02 3.45 0.12 21.2 0.7 88 3.1 ± c 
15 OC437-07-GC37 56 11.2 2.73 0.1123  
 
3.82 0.02 4.54 0.02 3.13 0.13 23.4 1.0 106 4.3 ± c 
15 OC437-07-GC37 66 12.1 2.08 0.1046  
 
3.76 0.03 4.43 0.02 3.18 0.13 22.7 0.9 100 4.0 ± c 
15 OC437-07-GC37 76 12.9 1.98 0.0911  
 
3.72 0.07 4.18 0.03 3.20 0.14 22.3 1.0 93 4.1 ± c 
15 OC437-07-GC37 86 13.8 2.53 0.1396  
 
3.72 0.03 3.66 0.02 3.22 0.11 22.1 0.8 81 2.8 ± c 
15 OC437-07-GC37 96 14.7 2.24 0.1242  
 
3.77 0.03 3.25 0.02 3.40 0.10 20.9 0.6 68 2.1 ± c 
15 OC437-07-GC49 2 0.6 0.91 0.0034  
 
3.85 0.05 4.91 0.02 3.02 0.13 20.4 0.9 100 4.4 ± c 
15 OC437-07-GC49 6 1.0 1.18 0.0499  
 
4.06 0.02 5.62 0.03 3.12 0.14 19.8 0.9 111 5.0 ± c 
15 OC437-07-GC49 11 2.2 3.09 0.0084  
 
4.20 0.05 5.32 0.03 3.30 0.14 18.7 0.8 99 4.4 ± c 
15 OC437-07-GC49 16 3.4 3.35 0.1407  
 
4.52 0.03 5.17 0.02 3.66 0.14 16.9 0.6 87 3.3 ± c 
15 OC437-07-GC49 21 4.6 2.85 0.0093  
 
4.52 0.05 4.67 0.04 3.78 0.13 16.3 0.6 76 2.7 ± c 
15 OC437-07-GC49 26 5.6 3.35 0.1785  
 
4.97 0.04 3.48 0.03 4.44 0.10 13.9 0.3 48 1.1 ± c 
15 OC437-07-GC49 31 6.6 3.14 0.0157  
 
4.71 0.04 3.23 0.02 4.24 0.09 14.6 0.3 47 1.1 ± c 
15 OC437-07-GC49 36 7.5 2.54 0.1270  
 
4.71 0.03 2.98 0.02 4.33 0.09 14.3 0.3 43 0.9 ± c 
15 OC437-07-GC49 41 8.4 2.58 0.0201  
 
4.74 0.04 2.84 0.02 4.40 0.09 13.9 0.3 40 0.8 ± c 
15 OC437-07-GC49 46 9.2 3.37 0.1767  
 
4.30 0.04 2.62 0.02 3.89 0.09 15.6 0.3 41 1.0 ± c 
15 OC437-07-GC49 51 10.1 4.35 0.2204  
 
4.41 0.03 3.08 0.02 3.83 0.09 15.8 0.4 49 1.2 ± c 
15 OC437-07-GC49 56 10.8 3.67 0.1814  
 
3.63 0.05 2.92 0.02 3.08 0.10 19.5 0.6 57 1.9 ± c 
15 OC437-07-GC49 61 11.2 2.77 0.0135  
 
3.41 0.02 3.36 0.02 2.87 0.09 21.0 0.7 71 2.4 ± c 
15 OC437-07-GC49 66 11.7 2.53 0.2315  
 
3.36 0.03 3.42 0.03 2.84 0.10 21.2 0.8 73 2.7 ± c 
15 OC437-07-GC49 71 12.2 2.77 0.0164  
 
3.26 0.05 3.35 0.02 2.71 0.11 22.0 0.9 74 3.0 ± c 
15 OC437-07-GC49 76 12.6 2.48 0.1563  
 
3.17 0.04 3.48 0.03 2.62 0.11 22.7 0.9 79 3.4 ± c 
15 OC437-07-GC49 81 12.9 3.06 0.0084  
 
3.17 0.04 4.10 0.03 2.44 0.12 24.5 1.2 100 5.0 ± c 
15 OC437-07-GC49 86 13.2 2.68 0.1236  
 
2.78 0.06 3.83 0.02 2.10 0.13 28.3 1.7 108 6.7 ± c 
15 OC437-07-GC49 91 13.5 3.50 0.0094  
 
3.08 0.04 4.01 0.02 2.29 0.12 25.8 1.3 103 5.4 ± c 
 
 300 
15 OC437-07-GC49 96 13.9 3.21 0.1630  
 
3.26 0.02 3.18 0.02 2.68 0.10 22.1 0.8 70 2.5 ± c 
15 OC437-07-GC49 101 14.3 4.32 0.0156  
 
3.06 0.02 3.27 0.02 2.25 0.09 26.2 1.1 86 3.6 ± c 
15 OC437-07-GC49 111 15.1 3.35 0.0102  
 
3.48 0.04 3.46 0.02 2.85 0.11 20.7 0.8 72 2.8 ± c 
15 OC437-07-GC49 116 15.5 3.75 0.1724  
 
3.59 0.09 3.36 0.02 2.92 0.15 20.0 1.0 67 3.4 ± c 
15 OC437-07-GC49 121 16.0 3.52 0.0094  
 
3.50 0.03 3.37 0.02 2.86 0.10 20.5 0.7 69 2.5 ± c 
15 OC437-07-GC49 131 16.9 3.56 0.0097  
 
3.54 0.05 3.72 0.01 2.83 0.12 20.7 0.9 77 3.3 ± c 
15 OC437-07-GC49 141 17.8 3.83 0.0123  
 
3.85 0.03 4.37 0.02 3.03 0.13 19.3 0.8 85 3.7 ± c 
15 OC437-07-GC49 151 18.8 4.05 0.3296  
 
3.83 0.09 4.17 0.02 2.99 0.18 19.6 1.2 82 5.0 ± c 
15 OC437-07-GC49 161 19.8 5.06 0.2353  
 
4.13 0.06 3.54 0.02 3.22 0.14 18.2 0.8 64 2.7 ± c 
15 OC437-07-GC49 171 20.8 4.90 0.2535  
 
4.18 0.06 3.34 0.02 3.33 0.14 17.6 0.7 59 2.4 ± c 
15 OC437-07-GC49 181 21.7 4.36 0.2306  
 
4.02 0.09 3.42 0.02 3.25 0.16 18.0 0.9 62 3.0 ± c 
15 OC437-07-GC66 1 0.4 1.88 0.1493  
 
1.90 0.04 5.53 0.04 0.95 0.14 40.9 6.1 226 33.9 ± c 
15 OC437-07-GC66 6 0.7 2.65 0.1114  
 
2.04 0.04 5.34 0.03 1.12 0.14 34.8 4.3 186 22.9 ± c 
15 OC437-07-GC66 11 1.0 2.68 0.1396  
 
2.08 0.08 5.32 0.03 1.17 0.15 33.4 4.4 178 23.5 ± c 
15 OC437-07-GC66 16 1.2 3.19 0.1678  
 
2.06 0.06 5.55 0.03 1.09 0.15 35.7 4.9 198 27.2 ± c 
15 OC437-07-GC66 21 1.5 3.09 0.1518  
 
2.03 0.06 5.26 0.03 1.12 0.15 34.9 4.6 184 24.0 ± c 
15 OC437-07-GC66 26 1.8 3.08 0.1574  
 
2.08 0.04 5.13 0.03 1.18 0.13 32.9 3.7 169 19.0 ± c 
15 OC437-07-GC66 31 2.0 2.68 0.1331  
 
2.12 0.06 5.59 0.03 1.15 0.15 33.8 4.5 189 25.2 ± c 
15 OC437-07-GC66 36 2.3 2.75 0.1440  
 
2.16 0.03 5.27 0.03 1.24 0.14 31.5 3.4 166 18.2 ± c 
15 OC437-07-GC66 41 2.6 2.39 0.1588  
 
2.18 0.04 5.22 0.03 1.28 0.14 30.4 3.2 159 16.9 ± c 
15 OC437-07-GC66 46 2.8 2.69 0.1789  
 
2.23 0.06 5.14 0.04 1.33 0.14 29.3 3.2 151 16.4 ± c 
15 OC437-07-GC66 51 3.1 2.61 0.1484  
 
2.26 0.05 5.30 0.03 1.34 0.14 29.1 3.1 154 16.7 ± c 
15 OC437-07-GC66 56 3.4 3.21 0.2103  
 
2.25 0.08 5.04 0.03 1.35 0.15 28.9 3.3 146 16.7 ± c 
15 OC437-07-GC66 61 3.7 2.67 0.1604  
 
2.37 0.05 5.13 0.03 1.48 0.14 26.4 2.5 135 13.0 ± c 
15 OC437-07-GC66 66 4.0 3.32 0.1976  
 
2.51 0.07 5.33 0.03 1.56 0.16 25.0 2.5 133 13.2 ± c 
15 OC437-07-GC66 71 4.4 3.58 0.1489  
 
2.55 0.03 5.18 0.03 1.61 0.14 24.2 2.0 125 10.6 ± c 
15 OC437-07-GC66 76 4.8 4.16 0.2096  
 
2.57 0.04 5.12 0.03 1.60 0.14 24.3 2.1 125 10.8 ± c 
15 OC437-07-GC66 81 5.2 3.11 0.1333  
 
2.44 0.05 5.10 0.04 1.52 0.14 25.6 2.4 131 12.0 ± c 
15 OC437-07-GC66 86 5.6 3.63 0.1981  
 
2.56 0.07 4.67 0.02 1.68 0.14 23.2 2.0 108 9.2 ± c 
15 OC437-07-GC66 91 6.0 3.20 0.1472  
 
2.52 0.10 4.79 0.03 1.64 0.16 23.7 2.3 114 11.1 ± c 
15 OC437-07-GC66 96 6.4 3.57 0.2154  
 
2.57 0.11 4.37 0.03 1.73 0.16 22.5 2.1 98 9.2 ± c 
 
 301 
15 OC437-07-GC66 101 6.8 3.32 0.1816  
 
2.58 0.04 4.29 0.03 1.77 0.12 22.0 1.5 94 6.4 ± c 
15 OC437-07-GC66 106 7.3 4.52 0.1896  
 
2.60 0.02 4.04 0.02 1.74 0.11 22.1 1.4 89 5.7 ± c 
15 OC437-07-GC66 111 7.5 3.18 0.1704  
 
2.66 0.09 3.49 0.02 2.00 0.13 19.3 1.3 67 4.5 ± c 
15 OC437-07-GC66 131 8.2 3.93 0.1856  
 
2.54 0.09 3.12 0.02 1.86 0.13 20.3 1.4 63 4.3 ± c 
15 OC437-07-GC66 141 8.6 4.31 0.2096  
 
2.45 0.05 3.08 0.02 1.73 0.10 21.9 1.3 67 4.0 ± c 
15 OC437-07-GC66 161 9.3 2.98 0.1770  
 
2.30 0.05 3.06 0.02 1.68 0.10 22.5 1.3 69 4.1 ± c 
15 OC437-07-GC66 181 10.1 3.06 0.1419  
 
2.53 0.02 3.38 0.02 1.86 0.10 20.4 1.0 69 3.6 ± c 
15 OC437-07-GC66 186 10.3 3.25 0.1483  
 
2.47 0.05 3.53 0.02 1.75 0.11 21.7 1.4 76 5.0 ± c 
15 OC437-07-GC66 191 10.5 2.88 0.1389  
 
2.43 0.04 3.63 0.02 1.73 0.11 21.6 1.4 79 5.0 ± c 
15 OC437-07-GC66 196 10.7 3.19 0.1410  
 
2.51 0.05 3.82 0.02 1.75 0.12 21.4 1.4 82 5.5 ± c 
15 OC437-07-GC66 201 10.8 2.90 0.1372  
 
2.46 0.04 3.80 0.02 1.73 0.11 21.5 1.4 82 5.4 ± c 
15 OC437-07-GC66 211 11.0 2.88 0.1168  
 
2.52 0.04 4.11 0.03 1.74 0.12 21.4 1.5 88 6.3 ± c 
15 OC437-07-GC66 221 11.2 2.93 0.1461  
 
2.47 0.03 4.42 0.03 1.63 0.13 23.0 1.8 102 8.0 ± c 
15 OC437-07-GC66 231 11.5 2.98 0.1241  
 
2.54 0.04 4.63 0.03 1.66 0.14 22.5 1.8 104 8.5 ± c 
15 OC437-07-GC66 241 11.7 3.00 0.1971  
 
2.07 0.07 3.73 0.03 1.28 0.13 29.1 2.9 108 10.8 ± c 
15 OC437-07-GC66 246 11.8 3.02 0.1295  
 
1.98 0.06 4.02 0.02 1.13 0.13 32.9 3.7 132 15.1 ± c 
15 OC437-07-GC66 251 12.0 2.77 0.1327  
 
1.89 0.05 4.81 0.03 0.93 0.15 40.0 6.2 192 30.1 ± c 
15 OC437-07-GC66 256 12.1 2.99 0.1354  
 
1.92 0.06 4.17 0.03 1.05 0.13 35.1 4.4 146 18.5 ± c 
15 OC437-07-GC66 261 12.2 2.37 0.1069     1.82 0.07 4.50 0.03 0.96 0.15 38.3 5.9 172 26.7 ± c 
a Average counting statistics (2σ) = 230Th= 8%; 232Th = 8%; 234U = 16% (measured), and 25% (estimated)  
b Ng et al (2018) recalculated age model 
 c Variable water depth used to calculate 230Th-normalised mass flux in orginal study  
d extra-terrestrial He-3 normalised fluxes  
1 = Ng 2016; 2 = Ng et al., 2018; 3 = Francois et al., 1990; 4 = Williams et al., 2016; 5 = Adkins et al., 2006; 6 = Bradtmiller et al., 2007; 7 = Bradtmiller et al., 2014; 8 = Lippold et 
al., 2016; 9 = Lippold et al., 2011; 10 = Lippold et al., 2012; 11 = Mulitza et al., 2017; 12 = Voigt et al., 2017; 13 = Skonieczny et al., 2019; 14 = Meckler et al., 2013; 15 = McGee et 
al., 2013; 16 = Waelbroeck et al. 2018; 17 = Burckel et al., 2015; 18 = Middleton et al., 2016; 19 = Middleton et al., 2017.  
 
 
 
